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Abstract
The objective of this study was to determine the effect of high intensity ultrasound on the
adsorption kinetics of proteins. Protein solutions (3x10   M ) were treated with ultrasound at
power intensity levels ranging from 5 to 35 Wcm  and at temperatures ranging from 20 to 85
ÆC with treatment times ranging from 15 to 45 minutes. Also, the effect of pulsing versus
continuous application on the ultrasound treatment was evaluated. Surface activity (adsorption
and coverage) of proteins was investigated using a drop shape analysis tensiometer. The study
consisted of three major parts.
The results of the first part of this study showed that application of high intensity ultrasound
increased the rate of adsorption of bovine serum albumin (BSA) at the air-water interface. The
rate of adsorption increased as the sonication time increased. Ultrasound treatment increased
the helical content as measured by CD and surface hydrophobicity measured using
fluorescence spectroscopy.
In the second part of the study, it was observed that the effect of ultrasound on the adsorption
kinetics of BSA was related to the ultrasonic power level and temperature. CD data showed
that thermal treatment caused a loss in helical content while ultrasound increased the helical
content of BSA. When heat and ultrasound were applied together the loss in helical content of
BSA was less pronounced than the loss caused by thermal treatment alone.
In the third part of the study, ultrasound susceptibility of the food proteins, BSA, fatty acid free
BSA,  -lactoglobulin and lysozyme was investigated using drop shape analysis and CD.
Lysozyme was the most sensitive protein studied followed by BSA, fatty acid free BSA and
 -lactoglobulin. The difference in the susceptibility of these proteins was attributed to the
differences in their amino acid composition, molecular size and rigidity and secondary
structure. The effect of ultrasound on the interfacial properties protein probably is due to the
increased flexibility of protein molecules on small length scales. Dimerization of protein
molecules with the newly exposed hydrophobic groups is another possible explanation.
iii
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Chapter 1
Introduction
Proteins are important ingredients in food systems. They may either be present in the raw
materials that are used to produce the final food product or they may be added as functional
components to give specific properties to food systems. For example, proteins are able to
crosslink and form strong gel networks, stabilize dispersions, catalyze biochemical reactions,
bind and transport small molecules and act as antimicrobial or antioxidant agents [17]. A large
number of studies have shown that a direct link exists between the fundamental dynamical and
structural molecular properties of proteins and their functionality in the bulk food system [15],
[16], [17], [23], [78], An important goal of current research in the field of food science is
therefore to better understand the relationship between the fundamental molecular properties
of proteins and their functionality in food systems [19], [52].
The majority of protein studies has been carried out under tightly controlled conditions, e.g., in
distilled water and at a particular pH, ionic strength and temperature [2], [22], [21], [44], [53],
[72], [71]. In reality however, proteins are utilized as functional components in systems that
contain a wide variety of different components. Furthermore, they are subjected to changes in
environmental conditions during food processing operations such as compression, shear and
elongation during mechanical processing, and changes in temperature and moisture content
during thermal processing, all of which impact structure-function relationships of proteins
[35]. Therefore, a clear understanding of the impact of food processing operation is required to
design and produce a food product that has desired bulk properties and quality characteristics.
A food processing technique that has recently attracted the attention of a number of
researchers is high-intensity ultrasound. High intensity ultrasound is the application of sound
1
waves with high frequencies (between 20 and 100 kHz) and large amplitudes (10-100
Wcm ). These sound waves interact with the bulk food system. A part of the wave energy is
absorbed and converted into mechanical and thermal energy to change the properties of the
food system [60], [62]. Ultrasound has been used successfully to homogenize emulsions, mix
suspensions, aid extraction processes, accelerate dehydration or rehydration processes and
accelerate aging and ripening processes [34], [88]. However, only little is known about the
effects of ultrasound on the physiochemical properties of proteins. In particular, the impact of
high-intensity ultrasound on the surface activity of proteins, which is the basis for their ability
to stabilize food emulsions and foams, has not yet been investigated.
The objective of my research was to evaluate the influence of high-intensity ultrasound on the
structure-function relationship of proteins. This study focused on the impact of high-intensity
ultrasound on the surface activity of proteins. Proteins that had well documented structural and
functional properties such as bovine serum albumin (BSA), lysozyme and  -lactoglobulin
were used so the effect of high-intenist ultrasound could be quantified. The study consisted of
three parts. In part one, the influence of the duration of sonication on the structure-function
relationship of BSA was investigated. In part two, the effect of ultrasonic intensity and
temperature was investigated. Finally, in part three, the effect of ultrasound on structure and
function of food proteins, BSA,  -lactoglobulin and lysozyme was evaluated.
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Chapter 2
Literature Review
2.1 High-intensity Ultrasound
2.1.1 Introduction
Sonochemistry dates back to 1927 when Richards and Loomis described two types of chemical
reactions: 1. using ultrasound to accelerate chemical reactions and 2. redox precesses in
aqueous solution. First type of reactions are of ineterest in preparative chemistry while the
second type may play a role in the irradiation of biologically important molecules in aqueous
media. The third type of sonochemical reaction was the degradation of a biological polymer as
described by Brohult in 1937. The fourth type of recation introduced was the decomposition of
organic liquids. The first observations on chemical reactions in organic solutions were made in
the early 1950s because of the dogma which stated that only water could be decomposed by
ultrasonic waves to yield H

and H

O

and that organic solvents were resistant to ultrasound
[40]. The sound ranges employed can be divided into two categories: (1) high frequency, low
energy, diagnostic ultrasound in the MHz range, and (2) low frequency, high energy power
ultrasound in the kHz range [61]. Most of the older work inh sonochemistry was carried
between intensities of 1 and 5 Wcm . In most recent sonochemical studies intensities of the
order of tens of Wcm  are often used [40]. More recently, the interest of food scientists has
turned to the use of high intensity ultrasound in processing [61].
High-intensity (power) ultrasound ( 0.1 MHz, 10 - 100 W cm ) is an efficient food
processing and preservation technology. Application of ultrasound with or without heat, is
increasingly used in the food industry, e.g., denaturation of enzymes, extraxtion of organic
3
compounds from plants and seeds, tenderization of meat and emulsification [61]. Ultrasound
can be used to improve classical processing operations such as solvent extraction of
components incorporated in agricultural raw materials. This enhancement is due to increased
penetration of both solvent and solute under the influence of high-intensity ultrasound.
Sonication-aided extraction can be performed at low temperatures, increasing the efficiency of
the extraction while preserving the quality of the extract [34]. In heterogeneous liquid systems
cavitation causes disruption and mixing, thus forming emulsions with reduced droplet sizes.
High intensity ultrasound applied with or without heat is an efficient method to reduce the size
of fat globules in milk [88]. All these examples illustrate clearly, that ultrasound can be used in
a wide range of applications in the food industry.
2.1.2 The Physics of Ultrasound
The effect of ultrasound is related to cavitation, heating, dynamic agitation, shear stresses, and
turbulence [32],[34],[61]. Application of power ultrasound, at frequencies between 20 kHz and
100 kHz, causes chemical and physical changes in a viscous medium by cyclic generation and
collapse of cavities. The increased pressure and temperature in the vicinity of these cavities is
the basis for the observed chemical and mechanical effects. Cavitation bubbles generate
localized hot spots at temperatures of approximately 4000 K and pressures of 100 MPa.
Lifetime of a cavitational bubble may be as short as 0.1 "s. The cooling rate of a bubble
coould be above 10 K s  [32]. The rapid bubble collapse produces shear forces in the
surrounding bulk liquid and these shear forces are strong enough to break covalent bonds in
polymeric materials that are dissolved in the bulk phase. The collapse of cavitation bubble has
significant mechanical effects in heterogeneous solid-liquid systems, where the collapse
produces a highly turbulent fluid flow comparable to the flow situation encountered in a liquid
jet with speeds as high as 110 m.s  [60].
2.1.3 High-Intensity Ultrasound Processing Parameters
2.1.3.1 Presence of Gases
The efficiency of ultrasound is a result of the generation and collapse of cavities. The
introduction of gas cavities (bubbles) into a system increases the number of nucleation sites.
This results in a more uniform energy distribution throughout the system. Monoatomic gases
with high specific heat capacities such as argon have yielded improved cavitational effects [60].
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2.1.3.2 Temperature
Mason and coauthors investigated the effect of medium temperature on the efficiency of
particle size reduction using ultrasonication [60]. They observed a decrease in intensity of
ultrasonic power from 79 to 23 Wcm  as the temperature increased from 0 to 90ÆC. This
inverse relation between temperature and ultrasonic power was explained by the increase in
vapor pressure of the solvent resulting in a delayed time of collapse of air bubbles.
2.1.3.3 Solvent Properties
Vapor pressure, viscosity and surface tension of the solvent have an important influence on the
ultrasonic power intensity. Solvent volume is another important parameter effecting ultrasonic
power intensity. One would expect that for a specific ultrasonic intensity, the sonochemical
effect would decrease as the solvent volume increases. However, Mason observed an increased
ultrasonic power input and more pronounced sonochemical effects as the amount of solvent
treated with ultrasound was increased [60].
2.1.3.4 Other Factors
A small yet significant change in sonication intensity was also observed as the geometry of the
vessel and the position of the probe tip in the solvent was changed. However, there is little
information available on the subject of penetration depth, particularly with respect to the
rheological properties of the bulk material, which may impact the generation of cavities [60].
2.2 Effect of Ultrasound on Protein Structure and Functionality
2.2.1 Enzyme Deactivation
Enzyme deactivation using ultrasound was reported first by Chambers in 1937 and the enzyme
studied was pepsin [61]. Several mechanisms have been proposed to be responsible for the
observed inactivation of enzymes by high-intensity ultrasound. Possibly the deactivation effect
is caused by mechanical damage due to collapse of cavities. This has been supported by the
observation that shear stresses and turbulences produced by ultrasound degrade biopolymers
with high molecular mass [87]. Enzyme deactivation using power ultrasound depends on the
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type of enzyme, equipment and conditions used as well as the composition of the bulk phase in
which the enzyme is dispersed. Effect of ultrasound increases with increasing solid
concentration and decreases with increasing enzyme concentration. For example higher
concentrations of solids in whole milk than skim milk results in an increased ultrasound
efficiency and thus improve enzyme inactivation [88]. Vercet and cowokers studied the
deactivation of lipase and protease by manothermosonication, which is the application of
ultrasound in combination with heat and mild pressure treatments. They reported synergistic
effect of heat and ultrasound on enzyme deactivation [87].
2.2.2 Protein Denaturation
Colloidal milk proteins and fat globules can absorb ultrasound energy and reflect ultrasonic
waves. It has been reported that ultrasound denatures whey proteins in milk and denaturation
was higher in whole milk than in skim milk. Denaturation of -lactalbumin and
 -lactoglobulin in milk was higher when ultrasound treatment was applied in combination
with heat. This synergistic effect was more pronounced in whole milk than in skim milk where
the solids concentration was high and the protein concentration was low. Synergism between
heat and ultrasound was explained by the reduction in viscosity of the heated milk resulting in
a better penetration of ultrasound into the liquid [88]. Fukase and coworkers studied the effect
of ultrasonic power on extraction of soy proteins from soybeans and found that cavitation
caused denaturation of soy proteins. The degree of denaturation was proportional to the
ultrasonic intensity [34]. However they did not investigate the surface properties of ultrasound
treated soy proteins.
2.3 Native, Molten Globule and Denatured State of Proteins
2.3.1 The Native State
When the environmental conditions are changed, the number of protein molecules that exist in
various specific conformational states may be altered, that is more protein molecules may exist
in a configuration which is different from the configuration assumed by protein molecules
when exposed to an elevated pressure. Generally speaking, proteins can be either in a native or
a denatured state. The native state is the conformation adopted by a protein under standard
environmental conditions, i.e., the conditions encountered in its natural environment. The
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denatured state is a conformation that protein molecules adopt when their chains are
completely unfolded to form a highly flexible random coil. Recent studies have shown that
globular proteins can have structural intermediates that exist between the two boundary states,
i.e., native and denatured state. These intermediate structural conformations are referred to as
molten globule states [43].
2.3.2 The Denatured State
The functional properties of food proteins often depend on the protein molecules undergoing a
transition from one state to another. For example, the protein molecule may have to undergo a
transition from a folded to an unfolded state or from a non-adsorbed to an adsorbed state. To a
first approximation, this type of transitions can be represented as an equilibrium between two
states [83].
The conformation of a protein at a particular temperature depends on the balance between the
factors that favor the folded state and the factors that favor the unfolded state. These factors
include hydrophobic interactions, electrostatic interactions, hydrogen bonds, Van der Waals
forces, steric interactions and configurational entropy effects [15], [17]. The protein will exist
in those kinetically accessible states that have the lowest free energies under the prevailing
environmental conditions. The major factor stabilizing the native state of globular proteins is
believed to be the hydrophobic effect. The molecule tends to adopt a compact arrangement that
minimizes thermodynamically unfavorable hydrophobic interactions by having the non-polar
amino acids located in the interior and polar amino acids located at the exterior [82]. The
major factor favoring the denatured state of globular proteins is configurational entropy which
increases with increasing temperature. Globular proteins therefore tend to unfold when they
are heated above a certain temperature because the forces favoring the denatured state (i.e.,
configurational entropy) increase compared to those favoring the native state (i.e., hydrophobic
interactions).
Denaturation causes pronounced changes in the molecular and functional characteristics of
proteins [50]. Subsequent to unfolding, proteins display reduced stability and increased
hydrophobicity because more nonpolar residues become exposed to the aqueous phase [78].
Thermal treatment is one of the most important processing operations used in the manufacture
of foods containing globular proteins, e.g. pasteurization, sterilization, cooking, freezing,
chilling [56]. Many globular proteins unfold when their temperature is either increased above a
particular temperature (heat-denaturation) or decreased below a particular temperature
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(cold-denaturation). Various other processing operations, such as high pressure treatment,
dehydration, whipping and homogenization, may also cause protein molecules to unfold [5],
[4], [11], [46], [45], [64]. The thermal denaturation of many globular proteins can be
represented by the following equilibrium [15]:
    (2.1)
Here, N represents the native state and D represents the denatured state. This equilibrium is
characterized by a free energy change 

and an equilibrium constant 

:


 # 

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(2.3)
The definition of the equilibrium constant 

depends on the type and nature of the
physicochemical process taking place, i.e., unfolding, ligand binding, self-association or
adsorption. The equilibrium is also characterized by denaturation temperature 

, which is the
temperature where the concentrations of the native and denatured states of the protein are
equal (

 	; 

 ) [15].
2.3.3 Molten Globule State
The molten globule state is an equilibrium state of protein molecules, intermediate between
their native and unfolded states. Molten globule states have been observed under equilibrium
conditions and as a kinetic intermediate of refolding in some proteins. This intermediate has
been found for many proteins under mild denaturing conditions, such as moderately low or
high pH, high temperatures or pressure or in the presence of moderate concentrations of urea
or guanidium hydrochloride. The protein molecule in the molten globule state is almost as
compact as in the native state and has a loosely packed non-polar core [85]. It is usually
characterized by an intensive far-UV circular dichroism spectrum which suggests the existence
of a pronounced secondary structure [54]. The secondary structures of many proteins in
molten globule state have been studied and -helix and  -sheet content of proteins in the
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molten globule state have been found similar to those in the native state [13], [42], [85]. On the
other hand, the transformation of the protein molecule from the native to the molten globule
state results in the loss of rigid tertiary structure which can be characterized by the loss of CD
signal in the near-UV region [54].
Cornec and coworkers studied the adsorption of  -lactalbumin in the molten globule state and
observed an increased rate of adsorption at the air-water interface compared to the rate of
adsorption of the protein molecule in the native state [14], [12]. They also observed that the
tertiary structure was lost in the molten globule state while the secondary structure was
preserved [13]. Kharakoz and Bychkova (1997) studied the molten globule state of
-lactalbumin using densimetric and ultrasonic techniques. They demonstrated that the
hydrophobic core in the molten globule state is highly hydrated and much looser than the core
of the native protein molecule [49]. A significant decrease in tertiary contacts in the molten
globule state has also been observed for hen lysozyme using CD and NMR studies [10], [54].
2.4 Protein Structure and Functionality
2.4.1 Molecular Structure
Globular proteins have compact structures that are roughly spherical in shape [15]. Most
globular proteins used as functional ingredients in the food industry have a molecular weight
of 10 to 100 kDa [17]. Despite being highly compact, globular proteins are highly dynamic,
with the polypeptide chain and side groups fluctuating between many different conformations
[33], [74]. The structures adopted by a globular protein depends on a delicate balance of
physicochemical phenomena, including, hydrophobic interactions, electrostatic interactions,
hydrogen bonding, Van der Waals forces and configurational entropy [17].
The main driving force behind the formation and stabilization of the compact structure of
globular proteins is hydrophobicity, which is the tendency for the system to reduce the contact
area between non-polar groups and water [82]. Globular proteins tend to adopt conformations
in which non-polar amino acids are located primarily in the interior away from water, whereas
polar amino acids are located primarily on the exterior where they can form hydrogen bonds
and electrostatic interactions with water. The compact structure of the protein is usually
reinforced by the ability of amino acids to form hydrogen bonds with neighboring amino acids
within the structure’s interior. Ultimately, type, number and distribution of amino acids along
the protein chain, as well as the environmental conditions determine the structure of a protein
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[15].
Globular proteins are used as functional ingredients in foods for a variety of different reasons,
e.g., enzyme catalysis, flavor modulation, gelation, water holding, thickening, emulsification,
and foaming [17], [73], [78]. At the molecular level, these functional attributes are determined
by the ability of the proteins to bind other molecules, to undergo conformational changes, to
self-associate and to adsorb to interfaces. Different proteins have different molecular properties
(size, shape, flexibility, surface chemistry) and thus they have different functional properties.
To understand the molecular basis of protein functionality, detailed information about the
conformation and interactions of protein molecules is needed. The temperatures, pressures,
mechanical stresses and solution compositions experienced by proteins in foods vary widely,
and consequently the conformation of a protein in a food may be very different from that in its
native state. The availability of more information about protein structure under different
processing conditions would considerably advance our understanding of protein functionality
in food systems.
2.4.2 Water Solubility
The water solubility of a protein is determined by the magnitude of its interactions with other
protein molecules compared to its interactions with solvent and co-solvent molecules [17]. If
protein-solution interactions are more favorable than protein-protein and solution-solution
interactions, the protein molecules prefer to be surrounded by solution rather than by each
other and the protein tends to be soluble. On the other hand, if protein-solution interactions are
less favorable than protein-protein and solution-solution interactions, protein molecules prefer
to be surrounded by other protein molecules rather than by solution molecules and so the
protein tends to precipitate. The magnitude of protein-protein, protein-solution and
solution-solution interactions depends on the molecular characteristics of the protein,
environmental conditions, and solution composition. Usually, the water-solubility of a protein
decreases as its surface hydrophobicity increases and its net electrical charge decreases [17].
2.4.3 Surface Activity
Proteins are large complex amphiphilic molecules containing ionic, polar and nonpolar
regions. The amphiphilic character of proteins is the undrlying foundation for their surface
activity, that is the ability of proteins to adsorb to boundaries that separate two or more phases
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[26]. A protein dispersed in an aqueous solution which is in contact with another bulk phase
(air or oil) will partition between the bulk aqueous solution and the interfacial region according
to its concentration and surface activity [1]. This partitioning can be described in terms of the
change in surface or interfacial tension as a function of temperature, and the concentration of
the protein in the bulk aqueous phase. As the protein concentration in the aqueous phase
increases, the surface tension decreases due to an increase in the protein concentration at the
surface (until the surface becomes saturated with protein). Many globular proteins undergo
conformational changes after adsorption to an air-water or oil-water interface [16], [23]. These
structural alterations can promote interactions between neighboring proteins (e.g.,
hydrophobic or ionic bonds) leading to the formation of a viscoelastic interfacial region.
2.4.4 Emulsification
Globular proteins are commonly used as emulsifiers in oil-in-water food emulsions because of
their ability to adsorb to oil-water interfaces and protect oil droplets against aggregation [16],
[24], [25]. For a protein to be an effective emulsifier, it must adsorb rapidly to the surface of oil
droplets created during homogenization. To act as an effective emulsifier a protein must be
capable of rapidly adsorbing at the surface of a newly created oil droplet during
homogenization, reduce the interfacial tension (to facilitate further droplet disruption) and
form a protective membrane (to prevent droplets from aggregating) [63]. Protein adsorption
lowers the interfacial tension facilitating droplet disruption and reducing the energy required to
generate small droplets. The creation of a protein membrane around the droplets also prevents
the droplets from coalescing with each other during the homogenization process. After
homogenization, the adsorbed protein film must be capable of imparting long-term stability to
food emulsions against droplet coalescence and flocculation. The stability of an emulsion
depends on the relative magnitude of the attractive and repulsive interactions between the
droplets, e.g., van der Waals, steric, electrostatic, hydrophobic interactions [63].
Often globular proteins partially unfold after they adsorb to the surface of emulsion droplets
because of the change in their thermodynamic environment [27], [64]. This unfolding
promotes enhanced protein-protein interactions because unfolding leads to increased exposure
of reactive amino acid side groups that favor hydrophobic interactions and disulfide bond
formation. Enhanced protein-protein interaction between proteins adsorbed to the same droplet
cause an increase in the viscoelasticity of the interfacial membrane [27].
11
2.4.5 Foaming
Foams consist of a condensed continuous phase (liquid as in whipped cream and ice cream or
solid as in bread) and a gaseous dispersed phase [23], [28]. Globular proteins are widely used
in the food industry to facilitate the formation and stabilization of foams [17]. The quality
attributes of foams, such as appearance, texture and stability, are determined by the size and
concentration of the gas bubbles distributed throughout the continuous phase [17]. Protein
molecules rapidly adsorb to the surfaces of freshly formed bubbles, reducing the interfacial
tension. Once adsorbed to the surface of gas bubbles protein molecules protect them from
merging with each other by generating repulsive forces between the bubbles, e.g., electrostatic,
steric and hydration repulsion. Many globular proteins undergo conformation changes after
they have been adsorbed to the surface of a bubble promoting the formation of intermolecular
protein-protein interactions, often through hydrophobic and disulfide bonds. As a result of
these protein interactions the membrane surrounding the gas bubbles becomes highly
viscoelastic and resistant to deformation [25].
2.4.6 Enzyme Activity
Enzymes are globular proteins that accelerate the rate of specific biochemical reactions [15].
The protein molecule eventually returns to its original conformation once the conversion of the
substrate to the product has taken place. Enzymes normally undergo one or more temporary
changes in their molecular conformation during the time that they bind the various ligand
molecules involved in the reaction [15]. Because adsorption causes a conformational change.
enzyme activity of proteins decreases in the adsorbed state. Early adsorbing proteins tend to
exhibit a large loss of enzyme activity whereas late adsorbing proteins tend to retain more
enzyme activity due to less unfolding and more participation in loosely held multilayers [23].
2.4.7 Gelation
Gelation and structure formation are important functional properties of food proteins in many
processed or natural foods, such as gelatin, egg white and meat products. In these products
proteins contribute to the solid or elastic properties of the food system by formation of an
orderly, three-dimensional network of associated or aggregated protein molecules which may
physically entrap large amounts of water within the matrix [52], [51].
The formation of a protein gel is a two-step process. The first step involves a change in
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conformation (usually heat-induced) and the second step is the gradual association or
aggregation of the individual denatured proteins. During the association step an exponential
increase in viscosity occurs as the material approaches to a continuous network. This network
of protein aggregates displays some of the characteristics of an elastic solid. For a successful
network formation and stabilization, a critical balance between attractive and repulsive forces
must be present [51].
A thermoplastic gel melts and flows upon heating. Examples of thermoplastic gels are gelatin,
peanut arachin and lysozyme. A thermoset gel on the other hand is formed upon heating and
thereafter cannot be remelted without destroying the primary structure of the original protein
molecules. The general mechanism for formation of thermoset whey-protein gels involves the
formation of a covalent network of intermolecular disulphide bonds. The initial network of
disulphide bonds is reinforced by the formation of noncovalent interactions which provide
additional crosslinks. Thus, means such as heating or urea causes dissociation of the
 -lactoglobulin dimers with some conformational changes that expose the free thiol groups,
which then engage in thiol-disulphide interchange to form the three dimensional matrix. The
rate of exposure of these thiol groups can change the firmness of the gel network [51].
2.5 Summary
Despite the profound knowledge in its applications in chemistry, high-intensity ultrasound is a
new technology to the food industry and academia. Even though improvement of many
processes such as extraction, drying and emulsification using ultrasound has been interest of a
number of researchers, there are no studies conducted on the particular effects of ultrasound on
proteins. The only type of study informative on the application of ultrasound on food proteins
is on ultrasound assisted enzyme inactivation. Thus, the impact of ultrasound on the adsorption
characteristics of proteins at interfaces is not established in the current literature.
Food proteins are of great importance to many food systems for their functional properties.
Many of these functions depend on their interfacial properties, i.e., their ability to rapidly
adsorb and form strong, viscoelastic films at these interfaces. Utilizing high-intensity
ultrasound as a non-thermal processing method to modify proteins may be a way of obtaining
food proteins with desired interfacial properties. In an era of non-thermal food processing,
high-intensity ultrasound applications can be of great interest to food technologists to modify
protein functionality. Therefore, conducting studies on the high-intensity applications on
well-known proteins under controlled treatment conditions is necessary.
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Chapter 3
Materials and Methods
3.1 Proteins Used in this Study
3.1.1 Bovine Serum Albumin
Bovine serum albumin (BSA) has a molecular weight of 66 kDa and consists of 582 amino
acid residues. It has the longest single polypeptide chain of all whey proteins. BSA posesses
17 intramolecular disulphide bonds and one free sulphydryl group at residue 34. About 17% of
its aminoacid groups are acidic or basic while 28% are polar. Its secondary structure consists
of 50 - 55% -helices, 15 - 18%  -sheets and 27 - 35% random coils. Its tertiary structure is
organized into nine loops that are repeated in a triplet fashion with a pattern of
large-small-large loops. These are grouped as three homologous domains of three loops each
[77].
BSA has specific binding sites for cationic metal ligands and for long chain fatty acids. The
ligand binding properties give the serum albumin proteins its high thermal stability. For
example, the presence of bound fatty acids is known to stabilize the protein against thermal
denaturation. The denaturation temperature for defatted BSA at pH 4 is approximately 64ÆC.
BSA containing 1.0 to 1.3 mol fatty acids/mol albumin has a denaturation temperature of 74ÆC
[76]. The BSA molecule is more compact in the C-terminal region than in the N-terminal
region. In addition, the different domains are dissimilar in hydrophobicity, net charge and
ligand binding properties.
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3.1.2 Lysozyme
Lysozyme (N-acetylmuramide glucanohydrolase) is a highly ordered, rigid and hydrophilic
basic protein that exhibits enzymatic activity [52], [73]. It lyses Gram-negative bacteria by
hydrolyzing the  (14) linkages between muramic acid and N-acetylglucosamine of
mucopolysaccharides in the bacterial cell wall. The main source of lysozyme is egg albumen.
Lysozyme consists of a single polypeptide chain of 129 amino acid residues with four
disulphide bridges, a molecular mass of 14,300 to 14,600 Da. The isoelectric point has been
reported between 9.5 and 10.7 [78]. The denaturation temperature of lysozyme ranges between
70 and 75ÆC depending on the pH of the medium. It should be noted that lysozyme is
approximately 60 times more heat sensitive in egg albumen than in phosphate buffer [52].
The native structure of lysozyme is composed of two domains, an - and a  -domain. The
-domain consists of four -helices (A-D) and one 3

-helix while the  -domain consists
mainly of an antiparallel  -sheet and a long irregular loop. Two of the disulphide bonds of
lysozyme are involved in the -domain and one of them is present in the  -domain (the
 -domain disulphide bond), and another links the -domain to the  -domain (the interdomain
disulphide bond). The native structure of the loop region of lysozyme has both tight packing of
side chains and many hydrogen bonds that are connected with surrounding regions in the
 -domain. The regions around the  -domain disulphide bond have low B-factors in the X-ray
crystal structure. Therefore, shifts in the position of the  -domain disulphide bond may be
primarily responsible for changes in the main-chain structure of lysozyme as well as the
side-chain packing around the loop regions which impacts structure, stability and folding of
the protein. Lysozyme has a good thermal stability particularly under acidic conditions, that is
at low pH values [81].
When lysozyme adsorbs at a liquid-gas interfaces, the surface tension remains constant for a
short induction time, which has been explained by a conformational change that occurs at the
interface [36], [81]. Based on surface tension and fluorescence imaging studies, Sundaram
suggested that lysozyme undergoes a first-order phase transition at the liquid-gas interface with
concomitant rearrangement from side-on to end-on configuration. The protein adsorbs first in
the side-on configuration [81]. The reorientation from side-on to end-on adsorption then occurs
at a constant surface tension. The protein adsorbed in the end-on configuration is in a surface
liquid-expanded state and any subsequent adsorption will reduce the surface tension [81].
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3.1.3  -Lactoglobulin
Approximately 64% of the heat-coagulable protein in whey is  -lactoglobulin. The protein
exists as a dimer of two identical subunits with each monomer containing one sulfhydryl
(–SH) and two disulphide (–S—S–) bonds [73]. All the generic variants of  -lactoglobulin
have two trypsin and two disulphide bridges and one free thiol group. There is a general
agreement on the location of one disulphide bond (Cys 66 - Cys 160), however the location of
the other sulphur containing groups are still under active investigation. Based on
crystallographic studies it appears that the second disulphide bridge is located at Cys 106 - Cys
119 and that the sulfur - sulfur atomic distance between Cys 119 and Cys 121 is such that a
crosslinking reaction between these groups can not take place without significant
conformational flexibility.  -lactoglobulin has 43% antiparallel  -sheets when dispersed in a
solution and 51% antiparallel  -strands when it is an orthorhombic crystal state. The
secondary structure of  -lactoglobulin is pH dependent.  -lactoglobulin forms dimers over the
pH range of 5 to 7.5. It has quaternary structures (octamers) at pH 3.5 to 5. At a pH lower than
3.5, primarily monomers are found [80].
The tertiary structure of  -lactoglobulin was determined by Papiz and coworkers in 1986 [75].
It consists of antiparallel  -sheets formed by nine strands wrapped around to form a flattened
calix. The core of the molecule is an eight-stranded, antiparallel  -barrel and the strands of the
two sheets that form the opposite sides of the calix are orthogonal. Outside the calix six
strands are flanked by a three turn helix and one of them is involved in the formation of the
dimer [75]. Using electron density mapping, Monaco and coworkers observed that the binding
site is not in the hydrophobic core but instead lies within a hydrophobic pocket found on the
surface of the protein [70]. The denaturation temperature of  -lactoglobulin is 74ÆC [70].
3.2 Sonication Power Output Determination
Although ultrasound has been used by a large number of researchers, the reproducibility of
their experiments has been a major concern. The power settings of the equipment do not
represent the actual power input to the treated system. To report the exact sonication
conditions, Mason and coworkers used a calorimetric method to measure the actual power
input of the ultrasonic system [60]. The power input of the sonicator was determined
calorimetrically by recording the time dependant temperature increase of water at 20 second
intervals under adiabatic conditions. The slope of the time dependent temperature rise can be
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used to calculate the ultrasonic power level:
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where 	 is the mass in kg and 
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is the heat capacity of the solution in %& ' . Equation
3.1 is based on the assumption that the energy dissipation by sonication results in heat
generation only. Power intensity of ultrasound is then determined in (
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This method provides a simple yet fairly accurate estimation of the actual power dissipated
into the system [60].
3.3 Ultrasonication Procedure
Protein soltions were sonicated using a Misonix 550 ultrasonic homogenizer (Figure 3.1,
Misonix, Farmingdale, NY). The homogenizer was equipped with a 

inch stainless steel
probe. Thirty ml of protein solutions were sonicated in 50 ml centrifuge tubes that were
immersed in a temperature controlled water bath at 4 ÆC (Lauda RM6, Germany).
3.4 Dynamic Surface Tension Measurements
Several experimental methods are available to study the adsorption kinetics of surface active
materials: oscillating jet, drop volume, maximum bubble pressure, axisymmetrical drop shape
analysis, growing drop tensiometry and others. Table 3.1 lists important characteristics of
some dynamic surface and interfacial tension methods.
Methods based on the formation of a drop (drop volume, drop pressure and drop shape) are
frequently used. They are applicable to both liquid/liquid and liquid/gas interfaces and require
only small amounts of sample (solvent and solute). In addition, temperature control is often
available as an option [29].
For dynamic adsorption studies several techniques can be used. The selection of a certain
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method should be based on the experimental conditions, temperature, and time interval. The
accuracy of surface tension determination methods is usually in the order of  	   Nm .
Special instruments are available that allow measurements in milliseconds, however such
studies are performed at the expense of measurement accuracy [29].
In the present study, the pendant drop technique was used to conduct dynamic surface tension
measurements. The pendant or sessile drop technique is based on the analysis of the shape of
drops that are formed at the tip of a capillary and does not require contact of a probe with the
interface (as is required in for example plate tensiometry). Initially, experiments were limited
to measuring characteristic drop diameters that were then translated into interfacial tension
using a set of tables. Nowadays, the direct fitting of the drop shape to the Gauss-Laplace
equation can be used to determine interfacial tension and contact angle [29]. The profile of an
axisymetric drop can be calculated in dimensionless co-ordinates from the following equation:
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Figure 3.1: Schematic diagram of ultrasonic processor.
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Table 3.1: Suitability of dynamic interfacial analysis methods for liquid/liquid and liquid/gas
interfaces depending on the time interval of interest and measurement temperatures
[29].
Method Time Range Temp. [Æ] l/l l/g
Drop Volume 1 s - 20 min 10 – 90 good good
Elastic Ring 10 s - 24 h 20 – 25 bad good
Growing Drops and Bubbles 0.01 - 600 s 10 – 90 good good
Maximum Bubble Pressure 0.001 - 100 s 10 – 90 possible good
Oscillating Jet 0.001 - 0.01 20 – 25 bad good
Pendant Drop 10 s - 24 h 20 – 25 good good
Plate Tensiometer 10 s - 24 h 20 – 25 possible good
Pulsating Bubbles 0.05 - 0.2 s 20 – 25 bad good
Ring Tensiometer 30 s - 24 h 20 – 25 bad good
$
$
 !)#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where X, Y, and S are dimensionless coordinates that are obtained by dividing +, ,, and !,
respectively, by 

, + and , are the horizontal and vertical coordinates, ! is the arc length of
the profile measured from the drop apex and  is the angle between the radius and the y axis
[29]. The parameter  is given by:
 


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(3.6)
where  is the density difference between the two phases,  is the gravitational constant and
  is the shape parameter as given in equation 3.3. The definition of all coordinates and
characteristic parameters is shown in Figure 3.2 [29].
Calculation of interfacial tension using a fitting algorithm is fast and precise. In order to fit the
experimental coordinates of the drop shape, four parameters have to be determined: the
localization of the drop apex  ,  , the radius of curvature 

and the parameter.
The drop shape analyzer used in this study was a DSA-G10 MK2 from Kruss USA (Charlotte,
NC). Surface tension measurements were carried out at room temperature (20.0  0.5ÆC).
Each test was conducted in triplicate. An air bubble was formed at the inverted tip of a syringe
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that was submerged in a cuvette containing the protein solution. The syringe/cuvette system
was positioned on an optical bank between the light source and a high-speed charge coupled
device (CCD) camera. The CCD camera was connected to a video frame-grabber board to
record the image on the hard-drive of a computer at a speed of 1 frame per second. The image
was then analyzed using contour analysis to obtain the drop profile and the interfacial tension
was calculated by fitting the drop profile to the previously mentioned Gauss-Laplace model. A
schematic diagram of the drop shape analyzer is shown in Figure 3.3.
Results for surface tension measurements were interpreted in terms of surface pressure ().
Surface pressure is defined as the decrease in surface tension of a pure solvent caused by the
addition of the protein
  

 

(3.7)
where 

is the surface tension of the aqueous buffer solution ( 72.2x10  Nm  at 23 ÆC with
a pH of 7.4) and 

is the surface tension of the protein dissolved in the water system.
Throughout this study surface pressure will be used to present and analyze adsorption kinetics
data.
Figure 3.2: The geometry of a pendant drop [29].
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Figure 3.3: Schematic diagram of drop shape analyzer.
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3.5 Analysis of Adsorption Kinetics
Graham and Phillips (1979) characterized adsorption as a two-stage process [36], [37]:
1. The transport of protein molecules from bulk solution to the interface and
2. The rearrangement of the conformation in the adsorbed layer
Recently, Miller divided the adsorption of a surface-active protein to an air-water interface into
three steps (Figure 3.4) [68], [67].
First, the protein must move from the bulk aqueous phase to the region immediately below the
air-water interface (the so called "sub-surface"), which may occur either by a diffusion or
convection driven mechanism. Secondly, the protein must move from the sub-surface into the
interface itself, which may depend on any existing local energy barriers. Thirdly, the protein
may undergo conformational rearrangements at the interface in response to the altered
molecular environment region. Interfacial tension measurements are primarily sensitive to the
second process, even though the other processes can contribute to the measurable change in
surface tension [68], [67].
Figure 3.4: Proposed three-step mechanism of protein adsorption at interfaces [68].
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The adsorption kinetics of molecules at liquid interfaces can be described by qualitative and
quantitative models. The first theoretical model for interfaces with time invariant areas was
derived by Ward and Tordai [89]. This model is based on the assumption that the time
dependence of the interfacial tension is caused by a transport of molecules to the interface. The
so-called diffusion-controlled adsorption kinetics model was described by Ward and Tordai as
follows:
   
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where  is the interfacial tension,  is the diffusion coefficient and 


is the surfactant bulk
concentration.
The diffusion-controlled model is based on the assumption that the transport of interfacially
active molecules from the bulk to the interface controls the rate of the process. The
kinetic-controlled model is based on the assumption that diffusion is fast in comparison to the
transfer of molecules between the subsurface and the interface [29]. The protein concentration
in the solution bulk at time    is assumed to be equal to 


for + /  and zero for + 0 ,
where + is the location of the molecule compared to the location of the interface +  . If a
diffusion process starts at  0 , the concentration distribution is given by
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(3.9)
The adsorbed amount can be calculated for a model in which the change of surface
concentration with time is assumed to be proportional to the concentration gradient at +  ,
the location of the interface. This model is in accordance with Fick’s first law of diffusion
$ 
$
 
2

2+
- +   (3.10)
From equations 3.9 and 3.10 equation 3.11 is obtained which describes in simple terms the
change of surface tension with time
  



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

(3.11)
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where  (8.3143 JmolK ) is the universal gas constant,  (K) the temperature and 


(moldm ) the concentration in the bulk phase. This relation is very often used as a rough
estimate for diffusion coefficient. The assumptions underlying this equation are:
 The movement of a protein to the sub-surface is diffusion-controlled
 There is no energy barrier associated with the movement of a protein from the
sub-surface to the surface
 There are no conformational changes of the protein immediately after adsorption.
At   and for low protein concentrations, the diffusion coefficient can be determined
directly from equation 3.11. Slopes of surface pressure versus square root of time can be used
to determine the effective diffusion coefficient from the initial phase of adsorption. This
asymptotic solution of the diffusion model for short times has been reported to overestimate
the diffusion rate [93]. The reason for this overestimation is that the actual adsorption process
is a more complex process and can therefore not be described by a classical diffusion model.
Nevertheless in our study this equation provides valuable information as far as the difference
between the adsorption of native and sonicated protein molecules is concerned. At  the
following expression can be used:
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where   is the excess surface concentration. Using Gibbs equation
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we obtain
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Using the Langmuir adsorption isotherm,
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where  is the measure of the surface activity and  

the saturation adsorption, the diffusion
coefficient is obtained:
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3.6 Surface Hydrophobicity Measurements
The structure of a protein depends on hydrophobic, electrostatic and steric interactions, that
determine the functional and biological properties of proteins [55]. It has been recognized that
hydrophobic interactions are important for the stability, conformation and function of proteins.
The hydrophobicity of proteins has been related to the functional properties such as emulsion
and foam formation [38]. Hydrophobicity can be defined as the tendency of nonpolar solutes
to associate in an aqueous environment [9]. Protein-protein and protein-lipid interactions as
well as the binding of small ligands are impacted by surface hydrophobicity. The functional
properties of proteins thus are strongly influenced by the degree of their surface
hydrophobicity [47].
A large number of different techniques exist to measure the surface hydrophobicity of proteins.
Of these methods, the use of fluorescent probes is the most popular because it is simple, fast
and requires only small quantities of sample [38]. According to Kato and Nakai, the
fluorescent probe method for example is much simpler and faster than hydrophobic
chromatography or hydrophobic partition techniques and 

values calculated from the linear
fluorescence-protein concentration dependence are in good correlation with interfacial tension
and emulsifying activity of proteins [47].
The quantum yields of fluorescence and the wavelength of maximum fluorescence emission of
fluorescent probes depend on the polarity of the environment. Fluorescent probes have low
quantum yield of fluorescence in aqueous solution. Upon binding of the probes to accessible
hydrophobic regions of proteins an increase in fluorescence is observed. This increase is used
as a measure of protein surface hydrophobicity [38].
The most popular probes used for fluorometric studies are anionic probes such as
1-(anilino)-naphtalene-8-sulphonate (ANS ), its dimeric form (bis-ANS ) and
6-(p-toluidinyl)-naphthalene-2-sulphonate (TNS ) [38]. Another group of anionic
fluorescence probes is the fatty acid analogue type, including cis-parinaric acid (CPA), which
dissociates in solution to form cis-parinarate (CPA ). Limitations in using ionic probes such
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as ANS  and CPA  include the possibility that electrostatic interactions may contribute to
probe-protein interaction [38]. It has been suggested that electrostatic effects are more likely to
enhance the protein binding of anions rather than cations. Therefore, neutral or uncharged
probes are suggested [38].
The uncharged fluorescent probe 6-propionyl-2-(N,N-dimethyl-amino)naphthalene
(PRODAN) is extremely sensitive to environmental polarity. The absence of a permanent
charge of PRODAN eliminates the potential contribution of the electrostatic interactions to the
energy of binding in the measurement of protein binding. Both an anionic (ANS ) and a
neutral probe (PRODAN) were used in this study to test the surface hydrophobicity of native
and ultrasound treated BSA. Both ANS and fatty acids are known to bind the 1-C subdomain
of BSA [38].
3.7 Circular Dichroism Spectroscopy
Circular dichroism spectroscopy (CD) is a widely used technique to study peptide and protein
structure and conformation. It is a highly sensitive method that allows one to for example
follow folding and unfolding processes that occur in globular proteins. CD provides
information on conformation and conformational transitions under wide range of conditions
[92], [90]. Circular dichroism spectroscopy measures the difference in absorbance () of
left- and right-handed circularly polariozed light:
  
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(3.17)
where 


and 

are the absorbance of left- and right-handed circularly polarized light by a
sample, respectively. The difference in absorption is related to the difference in extinction
coefficients ()
  
 (3.18)
where 
 is the concentration of the sample and  is the path length.  can be converted into
molar ellipticity [] by:
  
 (3.19)
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Chiral molecules exhibit circular dichroism, whereas achiral molecules do not. CD bands are
characteristic of the electronic state of the molecule with distinctive intensities and
frequencies. CD bands possess either positive or negative signs.
To determine and analyze the secondary structure of proteins by CD, a number of assumptions
have to be made. It is assumed that the secondary structure of the crystalline protein similar to
the secondary structure of the protein in solution. The effect of tertiary structure and
contributions of side chain chromophores to the CD spectra are neglected [90]. The
assumptions and limitations of secondary structural analysis using CD have been discussed in
detail by Manning [58]. Globular proteins in their native state show typically two negative
peaks at approximately 208 and 222 nm and one positive peak in the vicinity of 195 nm. For
the secondary structure of proteins in solution, an experimental far UV (250-175 nm) -helix
content can be estimated from the molar ellipticity at 222 nm ([

]). The CD spectrum can
be deconvoluted to obtain a linear combination of the spectra of each of the structural elements
namely -helix,  -sheet and random coil. Each of these elements contributes to the overall CD
spectra. The degree of contribution depends on the percentage of the structural elements found
in the protein. The CD spectra are transformed into mean residue ellipticity []
(degcmdmol ) using the following equation:
 



	

(3.20)
where  is the observed CD signal in mdeg, 

is the mean residue weight,  the path length
and 
 the protein concentration in gcm  [92].
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Chapter 4
High-Intensity Ultrasound Changes
Interfacial Properties and Structural
Conformation of Bovine Serum
Albumin
4.1 Abstract
Aqueous Bovine Serum Albumin (BSA) solutions (  	   M) were treated with
high-intensity ultrasound at an intensity of 20 Wcm  for up to 45 minutes. The equilibrium
and dynamic surface tension of native and ultrasonicated BSA at the air-solution interface was
measured using drop shape analysis. The effect of ultrasound on the secondary structure of
BSA was monitored using circular dichroism spectroscopy. Surface hydrophobicity of
sonicated and native BSA was determined fluorometrically using ANS  and PRODAN
fluorescent probes. Adsorption isotherms were measured using BSA solutions prepared from
native and sonicated stock solution (3x10   M) at concentrations ranging from 3x10   to
6x10  M. Adsorption isotherms of native and sonicated BSA were not significantly impacted
by high-intensity ultrasound; the surface tension decreased from 72 to 52x10  Nm  over a
narrow concentration range of 	  to 	  M both sonicated and native BSA solutions.
Diffusion coefficients calculated from dynamic surface tension values using long-term and
short-term solutions of the general adsorption model increased upon application of ultrasound
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  ms  for native BSA solutions and 
		
   	
  ms  for BSA
solutions sonicated for 45 minutes). Deconvolution of circular dichroism spectra indicated a
reproducible increase in helical content and a decrease in unordered structure. An increase in
surface hydrophobicity of ultrasonicated BSA was observed using PRODAN as a probe.
Results were attributed to a subtle change in the molecular structure of BSA which may
correspond to a transition from the native to a molten globular state with increased
intramolecular mobility. The study shows that ultrasound has a pronounced effect on
structure-function properties of BSA.
4.2 Introduction
Proteins are important functional components that are extensively used in biochemical,
pharmaceutical and food applications [16], [52], [73]. A particular property important in these
systems is their ability to adsorb at liquid-liquid or liquid-gas interfaces to form interfacial
membranes [29]. The presence of an interfacial layer may contribute to the stability of a
dispersed systems such as emulsions or foams by introducing repulsive interactions between
the dispersed phase particles thereby preventing coalescence, flocculation and/or creaming
[16], [24], [26], [25], [63], [73]. The magnitude of these repulsive interactions depends on the
properties of the interfacial layer, i.e., composition, thickness, density and charge [25], [63].
The dynamics of protein adsorption at liquid interfaces, i.e., the rate at which protein molecules
adsorb and subsequently unfold at freshly-formed interfaces has a significant impact on the
bulk physicochemical properties of emulsions and foams [25], [31], [69], [66]. It is therefore
of considerable importance to the food and pharmaceutical industry to develop new methods
that modify the interfacial properties of proteins and improve quality and stability of products.
A technology that has been used to alter properties of a wide variety of materials is the
application of high intensity ultrasound waves. High-intensity or power ultrasound has been
successfully used in the field of material science to induce specific physicochemical changes in
materials of interest. Mason and coworkers for example used ultrasound to initiate
polymerization reactions, accelerate chemical reactions, modify crystallization processes and
reduce molecular weight of long-chain polymers [60], [61], [59]. The change in material
properties by high-intensity ultrasound has been explained in terms of cavitation, heating,
dynamic agitation, shear stresses and turbulences [60]. Although high-intensity ultrasound is
widely used in chemical engineering and material science, only a limited number of studies on
the effect of ultrasound on the functionality of biopolymers, in particular functional
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compounds such as proteins has been conducted. Villamiel and Jong for example reported that
application of high-intensity ultrasound to milk resulted in denaturation of whey proteins [88].
Vercet reported that the mechanical damage due to cavitation resulted in loss of lipase and
protease activity [87], [86]. Nevertheless, a gap in the knowledge exists as to how the
application of high-intensity ultrasound changes the fundamental functional properties of
proteins such as surface activity, surface hydrophobicity, protein structure and intermolecular
interactions.
The objective of this study was therefore to investigate the impact of high-intensity ultrasound
on the surface activity of a well known protein, BSA and relate the change surface activity to
changes in conformation and surface hydrophobicity of the protein.
4.3 Materials and Methods
4.3.1 Materials
Bovine serum albumin (BSA) (Lot: 80K1365) was purchased from Sigma Chemical Company
(St. Louis, MO). The protein was of the highest native pure grade, prepared from bovine milk
using heat shock fractionation. Phosphate buffered saline (PBS) was purchased from
Bio.Whittaker (East Rutherford, NJ). The fluorescent probes
1-(anilino)-naphtalene-8-sulphonate (ANS ) and
6-propionyl-2-(N,N-dimethyl-amino)naphthalene (PRODAN) probes were purchased from
Molecular Probes (Eugene, OR).
4.3.2 Solution Preparation
Stock protein solutions were prepared in 0.1M PBS solutions. The pH was 7.4 as determined
with a pH Meter (MP220, Mettler-Toledo, Columbus, OH). To remove additional impurities
such as undissolved materials, stock protein solutions were passed through a filter of 0.22 "m
pore width (Millipore Corporation, Bedford, MA). The exact concentration of the stock protein
solution was determined by measuring adsorbance at 279 nm (
	
 3 [77]) with
a UV-Visible spectrophotometer (HP 5801A Palo Alto, CA). All BSA solutions were prepared
at room temperature at least two hours in advance of experiments and were stirred thoroughly
to ensure proper hydration of proteins. Solutions were stored at 4ÆC in a refrigerator and used
within a day. All solutions were prepared with distilled and deionized water (Milli-Q,
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Millipore Corporation, Bedford, MA). For surface tension measurements, a series of BSA
solutions was prepared from the ultrasound treated stock solution at concentrations ranging
from 3x10   and 6x10  M.
4.3.3 High-Intensity Ultrasonication
An ultrasonic processor (Model 550, Misonix Incoporated, Farmingdale, NY) with a 

inch
stainless steel probe was used to sonicate 30 ml of protein solutions in 50 ml centrifuge tubes
that were immersed in a temperature-controlled water bath (Lauda RM6, Germany). The
solutions were treated at a power setting of 7 for 0, 15, 30 and 45 minutes. This power setting
of 7 corresponded to an ultrasonic intensity of the generated ultrasonic wave of 20 Wcm 
which was determined using a calorimetric method [60]. The temperature  of the protein
solution during ultrasonication was recorded as a function of time under adiabatic conditions
using a thermocouple. The initial temperature rise 

was determined by linear interpolation.
The ultrasonic power was calculated from:
  	
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where 	 the total mass of solvent and 


is the heat capacity of solvent. The ultrasonic
intensity dissipated from a probe tip with radius r is given by:
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4.3.4 Surface Tension Determination
Density Measurements
Precise density data of solutions are required to ensure accurate determination of surface
tension using drop shape analysis. The densities of all solutions were measured using a digital
density meter (DMA 35N, Anton Paar Physica, Graz, Austria). The accuracy of density
measurements using the DMA 35N was  0.001 gcm .
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Drop Shape Analysis Tensiometry
A drop shape analysis tensiometer (Model DSA-G10, MK2, Kruss USA, Charlotte, NC) was
used to determine surface tension. The tensiometer determines the shape of pendant drops or
bubbles through numerical analysis of the entire drop shape. The relationship between the
drop shape and the interfacial tension has been derived from the Gauss-Laplace equation of
capillarity and a detailed description can be found elsewhere [29].
Measurements of Surface Tension
Surface tension measurements were carried out in duplicates at a controlled temperature (20 
0.5 ÆC). An air bubble was formed at the inverted tip of a syringe that was submerged in a
cuvette containing the protein solution. The syringe/cuvette system was positioned on an
optical bench between the light source and a high-speed charge coupled device (CCD) camera.
The CCD camera was connected to a video frame-grabber board to record the image onto the
hard drive of a computer at a speed of 1 frame per second. The image was analyzed using
contour analysis of the drop profile and the interfacial tension was calculated by fitting the
drop shape to the Gauss-Laplace model.
4.3.5 Surface Pressure
The surface pressure  (Nm-1) of a protein solution is defined as the reduction of the surface
tension of a pure solvent caused by the addition of protein. In this study, we defined the surface
pressure as   

 

where 

is the surface tension of the aqueous buffer solution
(72.2x10  Nm-1at 20 ÆC with a pH of 7.4) and 

is the surface tension of the protein
dissolved in the water system.
4.3.6 Circular Dichroism Spectroscopy
Far-UV CD spectra of BSA solutions at a concentration of 3x10  M were obtained from the
difference in adsorption of left and right-circularly polarized light recorded between 190 and
260 nm at 25 ÆC using a spectropolarimeter (Aviv 202, Aviv Instruments, Lakewood, NJ) with
a bandwith of 1 nm, an averaging time of 3 seconds and a path length of the sample cell of 1
mm. Spectra were represented as mean residue ellipticity based on the average molecular
weight (66,000 Da), number of amino acid residues (582) and concentration (3x10  M) of
32
BSA solution. The spectrum of 0.1 M PBS was used as a blank and subtracted from the
average of three spectra to obtain a corrected spectrum for each sample. Spectra were
deconvoluted using the deconvolution software CDNN2.1. [7] to obtain the secondary
structure of BSA.
4.3.7 Measurement of Surface Hydrophobicity
A modified method of Kato and Nakai [47] was used to determine surface hydrophobicity.
Stock solutions of 8x10  M ANS , 3x10  M PRODAN and 2 wt% (3x10   M) protein
solutions were prepared in phosphate buffer (pH=7.4, I=0.1 M) and wrapped in aluminium foil
to prevent exposure to light. Sodium azide (0.02%) was added as an antimicrobial agent to the
buffer solution. BSA solutions were diluted in ANS  and PRODAN stock solutions to give a
range of concentrations, i.e., 2, 4, 6, 8, 14, 20, 26, 32, 38, 48 and 58 "l were added to 3 ml
ANS  stock solution and 10, 20, 30, 40, 50 and 60 "l were added to 8 ml PRODAN stock
solution. The solutions were thoroughly mixed and their relative fluorescence intensity (RFI)
was measured at 25  0.5ÆC using a fluorescence spectrophotometer (Perkin-Elmer, LS 50B,
Wellesley, MA). Excitation and emission wavelengths of 365 nm and 390-620 nm with a slit
width of 2.5 nm was used for ANS . Excitation and emission wavelengths were 365 nm and
380-620 nm with a slit width of 5 nm for PRODAN. The slope of the normalized RFI
(RFI


- RFI

) at the maximum fluorescence intensity wavelength as a function
of the percentage of protein concentration was used to calculate the protein surface
hydrophobicity 

.
4.4 Results and Discussion
4.4.1 Influence of Protein Concentration on Adsorption Kinetics
The change in surface pressure was measured as a function of time for a series of aqueous
BSA solutions with concentrations ranging from 6x10  to 3x10  M. Figure 4.1 shows
results for six concentrations within this range.
At the lowest protein concentration (6x10  M), little change in surface pressure with time
was observed, indicating that no appreciable adsorption of BSA to the air-water interface
occurred. The surface pressure of BSA solution at this low concentration remained nearly
constant and was approximately equal to the value measured for the phosphate buffer at 23ÆC
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Figure 4.1: Time-dependent increase in surface pressure of native BSA solutions with protein
concentrations ranging from 1x10  to 6x10  M measured using drop shape anal-
ysis tensiometry at 20 ÆC.
34
(72.2x10  N). As the protein concentration increased, the surface pressure increased more
rapidly with time indicating that BSA adsorbed more rapidly at the air-water interface. The
equilibrium surface pressure increased with increasing protein concentration, which correlates
to more protein being adsorbed at the air-water interface. The results are in qualitative
agreement with adsorption kinetic data reported earlier by other authors using globular
proteins such as  -casein and  -lactoglobulin [93]. Based on my results, a protein
concentration of 3x10  M was used in all subsequent experiments to study the
diffusion-controlled adsorption kinetics. At this concentration with low surface pressures
(  2x10  Nm ) protein adsorption is diffusion controlled [66], [65].
4.4.2 Influence of Sonication Time on Protein Adsorption Kinetics
Dynamic interfacial tension of native (control) aqueous BSA solutions was compared with the
dynamic interfacial tension of BSA solutions that were sonicated at 20ÆC with an ultrasonic
intensity of 20 Wcm  for 15, 30 and 45 minutes (Figure 4.2). The surface pressure increased
with increasing time for all samples, indicating that the interfacial coverage of protein
molecules at the air-water interface gradually increases as protein molecules adsorb from the
bulk to the interface. The surface pressure of BSA solutions that were treated with
high-intensity ultrasound was higher than the surface pressure of native BSA. Surface
pressure, , increased from 12.4 to 14.2, 15.3 and 16.1x10  Nm-1 or 15, 30 and 45 minutes
of sonication, respectively (Figure 4.2). The results indicate that the application of ultrasound
causes the proteins to absorb more rapidly at the air-water interface.
4.4.3 Analysis of Dynamic Interfacial Tension of Native and Sonicated BSA
To further analyze the process of adsorption of sonicated proteins at the air-interface, the
dynamic surface tension of proteins was analyzed with a diffusion-controlled adsorption
kinetics model. The adsorption kinetics of surface active molecules at liquid-liquid interfaces
under diffusion-controlled conditions has been described by Ward and Tordai [89]:
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where  is the diffusion coefficient and 


is the concentration of surfactant in the bulk phase.
We used asymptotic solutions for   and  as described by Miller and Fainerman to
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Figure 4.2: Dynamic surface pressure of aqueous BSA solutions (3x10   M) that were soni-
cated for 0, 15, 30 and 45 min at an ultrasonic intensity of 20 Wcm at 20ÆC as
determined using drop shape analysis tensiometry at 20ÆC.
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Figure 4.3: Surface pressure of aqueous BSA solutions 3x10  M that were sonicated at 0, 15,
30 and 45 min at an ultrasonic intensity of 20 Wcm at 20ÆC plotted as a function
of   for the initial 100 seconds of protein adsorption.
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Figure 4.4: Dynamic surface pressure of aqueous BSA solutions 3x10   M that were sonicated
at 0, 15, 30 and 45 min at an ultrasonic intensity of 20 Wcm  at 20ÆC plotted as a
function of    for 2600 seconds of adsorption.
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calculate diffusion coefficients [66], [65]. At   and for low protein concentrations, the
diffusion coefficient is given as:
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where R is the universal gas constant (8.2143 Jmol K ) and T the temperature in  .
According to equation 4.2, the diffusion coefficient can be obtained through linear
interpolation of the surface pressure as a function of

. For , the diffusion coefficient
can be obtained from:
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With the use of the well-known Gibbs equation [29], one obtains
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In this case, the knowledge of the concentration dependence of the surface tension at the
protein concentration used in the experiment is required. Alternatively, an adsorption isotherm
is used in equation 4.3 to obtain the diffusion coefficient. Assuming that the adsorption
kinetics follow a simple Langmuir model:
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a second long-term solution emerges:
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Figure 4.3 and 4.4 show the plots of the initial phase of adsorption and the long-term phase
(Figure 4.2). Results of the calculation are shown in Table 4.1. As reported in two independent
studies ([20], [93]) the diffusion coefficient for native BSA calculated from equation 4.2 is
approximately 100 times larger than the diffusion coefficient of native BSA that has been
reported in the literature (6.0x10  ms  [77]). This overestimation has been attributed to
39
Table 4.1: Diffusion coefficients of native and sonicated (20 Wcm  at 20ÆC for 15, 30 and
45 min) BSA solutions (3x10  M) calculated from dynamic interfacial tension data
using short-term and long-term solutions for adsorption model of Ward and Tordai
[89].  

and a are the Langmuir parameters.
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the fact that the classical diffusion-controlled adsorption model does not accurately predict
unfolding processes that occur within the interface once the protein has been incoporated in the
interface [20], [93]. Nevertheless, the results of the calculation confirm that ultrasonicated
BSA molecules have a larger diffusion coefficient than native BSA; the diffusion coefficient
increases from 2.00x10  ms  to 7.77x10  ms  if BSA molecules are sonicated for 45
minutes (Table 4.1). This corresponds to a four-fold increase in the rate of adsorption.
To calculate the diffusion coefficients using equations 4.4 and 4.6, the knowledge of the
concentration dependence of the equilibrium surface tension, the so-called adsorption
isotherm, is required. Figure 4.5 shows the results of measurements of the surface tension after
four hours of equilibration time. The surface tension of native and sonicated protein solutions
decreased between 	 and 	  M from 72 to 55x10  Nm  which can be attributed to the
formation of an interfacial membrane. There is a slight shift of the transition region to lower
protein concentrations for the sonicated BSA when compared to native BSA solutions. This
could be explained in terms of the molar area that is covered by each protein molecule.
Ultrasound may cause a change in the conformation and molecular orientation of the
hydrophobic and hydrophilic residues at the interface. Damodaran and Song reported similar
results when studying BSA intermediates obtained by urea treatment [20].
Langmuir adsorption isotherm parameters  

and  were obtained by fitting the data shown in
figure 4.5 to equation 4.5 (Table 4.1).
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Figure 4.5: Equilibrium surface pressure of native and sonicated BSA solutions at concentration
ranging from 3x10  to 3x10   M.
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4.4.4 Surface Hydrophobicity of Native and Sonicated Protein Solutions
The relative fluoresence intensity (RFI) was measured as a function of BSA concentration for
native and sonicated protein solutions (0, 15, 30 and 45 min at 20 Wcm  at 3x10   M).
Figure 4.6 shows the RFI as a function of BSA concentration with PRODAN used as a
fluorescent probe. Surface hydrophobicity values 

were calculated from the slopes of linear
interpolations of fluorescence versus protein concentration using both ANS  and PRODAN
(Table 4.2).


values calculated from the RFI of ANS -BSA complexes do not show a difference between
native and ultrasonicated BSA regardless of the sonication time. However, the RFI of
PRODAN-BSA complexes increased in hydrophobicity for BSA solutions that were treated
with ultrasound. The difference could be explained in terms of electrostatic intermolecular
interactions between fluorescent probe molecules and protein molecules. Haskard and Li-Chan
for example reported that electrostatic interactions can increase or decrease the energy required
for probe binding [38]. In the case of BSA and ANS , the overall charge of both ANS  and
the protein molecule at the specific environmental conditions could results in increased
attractive interactions. In addition, the binding capacity of hydrophobicity probes depend on
ionic strength, pH, temperature, buffer salts and source and purity of proteins. PRODAN is a
particular sensitive uncharged fluorescence probe eliminating the possibility of potential
electrostatic interactions [38]. Using PRODAN, the change in 

was approximately 15 % for
the 45 minutes treatment with high-intensity ultrasound. According to Cornec and coworkers
the surface hydrophobicity of  -lactoglobulin intermediates changed between 10 and 50 %
[13]. Possibly, the increase in surface hydrophobicity of BSA after ultrasound treatment can be
explained by the formation of a structural intermediate. The increased hydrophobicity of the
protein surface could also explain the increase in surface activity of BSA molecules treated
with high-intensity ultrasound. The increased exposure of hydrophobic groups to the solvent
phase increases thermodynamically unfavorable protein-solvent interactions increasing the
overall free energy of the system. Thus, the tendency to remove proteins from the aqueous
phase is increased which yields a more surface active protein.
4.4.5 Structural Changes Determined by CD Spectroscopy
To strengthen our hypothesis that application of high-intensity ultrasound results in the
formation of a structural intermediate of the native BSA molecule, the secondary structure of
BSA was determined with Circular Dichorism (CD) spectroscopy. Figure 4.7 shows the CD
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Figure 4.6: Relative fluoresence intensity (RFI) of PRODAN (3x10  M) at 461 nm with BSA
at concentrations ranging from 0 to 0.04 wt%. Excitation wavelength was 365 nm,
and slit widths were 5 nm. The solid curves represent the fits of the data obtained
with BSA solutions (3x10   M) sonicated at 20 Wcm  and 20 ÆC for 0, 15, 30
and 45 min.
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Table 4.2: Surface hydrophobicity (

) values for native and sonicated BSA solutions (3x10  
M) as determined with ANS and PRODAN. (pH 7.4, I= 0.1 M, 25 ÆC)


Treatment ANS  PRODAN
Native 14666 393
15 min. 14941 407
30 min. 14215 443
45 min. 14547 471
Table 4.3: Secondary structural content of native and ultrasonicated BSA obtained from de-
convolution of CD spectra in the far-UV region (190-260 nm) at 25ÆC using the
deconvolution software CDNN2.1 [7].
Treatment -helix  -sheet  -turns Unordered Total
Native 61.1 6.2 12.4 22.0 101.7
15 min. 61.9 5.9 12.5 17.2 97.6
30 min. 69.2 4.3 11.5 12.5 97.6
45 min. 74.5 3.4 10.8 9.7 98.5
spectra of native and sonicated BSA solutions (15, 30, 45 minutes at 20ÆC at 20 Wcm ).
The CD spectra of the globular proteins show a positive peak of the molar ellipticity at 195 nm
and two negative peaks at 208 and 222 nm. The negative peaks are indicative of the presence
of ordered structures (such as -helix and  -sheet), the molar ellipticity at 222 nm is typically
used to estimate the percentage of -helical conformation [90]. With increasing time of
sonication, the positive peak at 195 nm increases while the two negative peaks decrease when
compared to native BSA. This indicates and increased degree of order of the protein molecule.
Deconvolution of the CD spectral data is shown in Table 4.3. After 45 min of sonication the
-helical content of BSA increased from 61.1 to 74.5% and  -sheet content decreased from
6.2 to 3.4%. The deconvolution illustrates that with increasing sonication time, the percentage
of -helix increases while the percentage of  -sheet and  -turns decrease confirming the
hypothesis that the degree of order in the protein molecule changes.
The increase in the rate of adsorption and surface hydrophobicity of BSA without any decrease
in the helical content leads to the suggestion that protein molecules might be undergoing to
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Figure 4.7: Circular dichroism spectra for native and sonicated BSA solutions (3x10  M) at
190 - 260 nm and 25 ÆC. Sonication treatment was conducted at 20 Wcm  and 20
ÆC for 15, 30 and 45 min. Bandwith of the spectra was 1 nm, an averaging time of
3 seconds and a path length of the sample cell of 1 mm were used.
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molecular orientation due to sonication. Possibly, ultrasound treatment exposes some of the
natively hydrophobic groups in the protein molecule to the exterior, which would increase the
surface hydrophobicity of the molecule and, thus, the rate of adsorption at the air-water
interface. Another explanation is that protein monomers after sonication might be forming
dimers through their exposed free thiol groups. Dimerization of BSA after ultrasound
treatment was also suggested by Hess and coworkers in 1964 as a result for ultrasound
treatment of BSA [41]. They found an incease in the molecular weight of BSA from 66 kDa to
110 kDa using light scattering. This, is the only relevant study to our research and their results
stating an increase in molecular weight supports our hypothesis of dimerization [41].
4.5 Conclusions
The application of high-intensity ultrasound to BSA enhances the surface activity of the
protein. Diffusion coefficients calculated from dynamic surface tension data indicated that the
protein molecule became more mobile with increasing time of sonication. Surface
hydrophobicity measurements showed a 15% increase in the hydrophobicity of the protein
surface as the sonication time increased from 0 to 45 minutes. Deconvolution of CD spectra
showed evidence of increased structure in the protein molecule. The results were attributed to
the formation of a stable structural intermediate of BSA that is gained with small changes in
the molecular flexibility of ultrasonicated BSA molecules. Dimerization of BSA monomers
through their exposed free thiol groups after sonication is another possible mechanism of
ultrasound modification of BSA. The effect of ultrasound on the secondary structure of BSA is
found different than that of heat treatment. In the light of these results, the effect of sonication
temperature on the sonication efficiency and the difference between heat treatment and
ultrasound treatment on the interfacial and secondary structural properties of BSA should be
studied.
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Chapter 5
Transition of Influence of BSA from
Native to Molten Globule State upon
Thermosonication as Shown by
Dynamic Interfacial Tension and CD
Spectroscopy
5.1 Abstract
The effect of high intensity ultrasound treatment at elevated temperatures on the adsorption
behavior and molecular structure of BSA was investigated. Protein solutions with
concentrations of   	   M were treated for 15 minutes with ultrasound at an ultrasonic
intensity level of 20 Wcm  at temperatures ranging from 20 to 85 ÆC. The effect of pulsed
versus continuous application of ultrasound was investigated. The surface activity (adsorption
and coverage) of native and sonicated BSA solutions was assessed using a drop shape analysis
tensiometer. Ultrasound-induced conformational changes of the protein were monitored using
circular dichroism (CD) spectroscopy.
Application of high-intensity ultrasound increased the rate of adsorption of BSA at the
air-liquid interface. Synergistic effects between heat and ultrasound were found: simultaneous
thermal and ultrasound treatment caused a more pronounced increase in the rate of adsorption
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than either heat or ultrasound alone. CD data indicate that thermal treatment decreased the
helical content while application of power ultrasound alone increased the helical content of
BSA. The combination of heat and ultrasound reduced the loss in the helical content of BSA
caused by the thermal treatment. In the first part of this study we showed that ultrasound
caused an increase in the -helical content of BSA molecules. Results were explained in terms
of the formation of a protein intermediate with increased molecular flexibility.
5.2 Introduction
BSA accounts for nearly 10% of all whey proteins found in many non-cultured dairy products
[52], [51]. BSA, -lactalbumin, and other milk proteins accumulate at both air-water or
oil-water interfaces to form interfacial layer that are able to stabilize foams or emulsions. The
surface activity of proteins such as BSA is therefore of significant importance to food
manufacturers [77], [80].
High intensity ultrasound (10 - 100 kHz, 10 - 100 W cm ) is an efficient food processing and
preservation technology that is increasingly used in the food industry in operations such as
sterilization, homogenization, emulsification and extraction [40]. The effect of ultrasound is
related to cavitation, heating, dynamic agitation, shear stresses, and turbulence [32]. In the first
part of this study, we investigated the impact of sonication time of high-intensity ultrasound on
the structure and dynamics of BSA at a constant temperature (20ÆC). Ultrasound caused BSA
molecules to undergo a structural transition that increased molecular mobility and surface
hydrophobicity increasing the overall surface activity of the protein molecule. Other studies on
the impact of high-intensity ultrasound on material properties have shown that the efficiency of
ultrasound can be enhanced by increasing the temperature of the sample [34], [88]. The
combination of thermal and ultrasonic treatment, also known as thermosonication, is
increasingly used in industrial applications such as cleaning and homogenization. For example
Earnshaw and coworkers demonstrated that the penetration of ultrasound into the solution can
be improved under elevated temperature conditions due to to the reduction in the viscosity of
the bulk phase [30].
The objective of this study was to investigate whether the application of ultrasound causes
similar structural and functional changes in BSA molecules as observed in our earlier study.
To this purpose, the dynamic surface tension of thermally treated, ultrasonicated and
thermosonicated BSA solutions were monitored using a drop shape analyzer and analyzed
using diffusion-controlled adsorption models to extract the diffusion coefficient. Changes in
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the secondary structure of BSA molecules were studied using circular dichroism spectroscopy.
5.3 Materials and Methods
5.3.1 Materials
Bovine serum albumin (BSA, A-7906, lot: 80K1365) was purchased from Sigma Chemical
Company (St. Louis, MO). The protein was of the highest native pure grade, prepared from
bovine milk using heat shock fractionation. Phosphate buffered saline (PBS) was purchased
from Bio.Whittaker (East Rutherford, NJ).
5.3.2 Solution Preparation
A stock protein solution (3x10   M) was prepared in 0.1 M PBS solution. The pH of the
protein solutions was 7.4 as measured using a pH Meter (MP220, Mettler-Toledo, Columbus,
OH). The stock protein solution was passed through a filter of 0.22 "m pore width (Millipore
Corporation, Bedford, MA) to remove impurities such as undissolved materials. The exact
concentration of the stock protein solution was determined by measuring adsorbance at 279
nm (
	
 3 with a UV-Visible spectrophotometer (HP 5801A Palo Alto, CA).
BSA solutions were prepared at room temperature at least two hours in advance of
experiments and were stirred thoroughly to ensure proper hydration of proteins. Solutions
were stored at 4 ÆC in a refrigerator and used within a day. Solutions were prepared with
distilled and deionized water (Milli-Q, Millipore Corporation, Bedford, MA).
5.3.3 Heat Treatment
Solutions of BSA were subjected to thermal treatment for a total of 30 minutes to study the
contribution of heat to the ultrasound induced changes during thermosonication. Thirty ml of
3x10   M BSA solutions were heated in a temperature-controlled water bath (Julabo F25,
Alleltown, PA) to 20, 40, 55, 70 and 85 ÆC for 30 minutes. The surface tension of samples was
measured after they were cooled down to 20 ÆC in an iced bath.
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5.3.4 High-Intensity Ultrasound Treatment
An ultrasonic processor (Model 550, Misonix Incoporated, Farmingdale, NY) with a 

inch
stainless steel probe was used to sonicate 30 ml of protein solutions in 50 ml centrifuge tubes
that were immersed in a water bath (Lauda RM6, Germany) at a power setting of 7 for 15
minutes. The power settings corresponded to an ultrasonic intensity of the generated ultrasonic
wave of 20 Wcm  determined using a calorimetric method [60]. The temperature  was
recorded as a function of time under adiabatic conditions using a thermocouple. The intensity
was determined from the initial temperature rise as a function of time 

using linear
interpolation. The ultrasonic power was calculated from:
  	


 
$
$


where 


is the heat capacity of solvent (water plus buffer) and 	 the total mass of solvent.
The intensity of ultrasonic power dissipated from a probe tip with radius r is given by:
 



5.3.5 Surface Tension Determination
Density Measurements
Precise density data of solutions are required to ensure accurate determination of surface
tension using drop shape analysis. The density of all solutions were measured using a digital
density meter (DMA 35N, Anton Paar Physica, Graz, Austria).
Drop Shape Analysis Tensiometry
A drop shape analysis tensiometer (Model DSA-G10, MK2, Kruss USA, Charlotte, NC) was
used to determine surface tension. The tensiometer determines the shape of pendant drops or
bubbles through numerical analysis of the entire drop shape. The relationship between the
drop shape and the interfacial tension has been derived from the Gauss-Laplace equation of
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capillarity and a detailed description can be found elsewhere [29]. The accuracy of surface
tension measurements is  3
  	 	 .
Measurements of Surface Tension
Surface tension measurements were carried out at a controlled temperature (20  0.5ÆC).
Duplicate tests were performed for each measurement. An air bubble was formed at the
inverted tip of a syringe that was submerged in a cuvette containing the protein solution. The
syringe/cuvette system was positioned on an optical bench between the light source and a
high-speed charge coupled device (CCD) camera. The CCD camera was connected to a video
frame-grabber board to record the image onto the hard drive of a computer at a speed of 1
frame per second. The image was analyzed using contour analysis of the drop profile and the
interfacial tension was calculated by fitting the drop shape to the Gauss-Laplace model.
5.3.6 Surface Pressure
The surface pressure  (Nm-1) of a protein solution is defined as the reduction of the surface
tension of a pure solvent caused by the addition of protein. In this study, we defined the surface
pressure as   

 

where 

is the surface tension of the aqueous buffer solution
(
3
 	 	  N at 23ÆC with a pH of 7.4) and 

is the surface tension of the protein dissolved
in the water system.
5.3.7 Circular Dichroism Spectroscopy
Far-UV CD spectra of BSA solutions at a concentration of 3x10  M were obtained from the
difference in adsorption of left and right-circularly polarized light recorded between 190 and
260 nm at 25 ÆC using a spectropolarimeter (Aviv 202, Aviv Instruments, Lakewood, NJ) with
a bandwith of 1 nm, an averaging time of 3 seconds and a path length of the sample cell of 1
mm. Spectra were represented as mean residue ellipticity based on the average molecular
weight (66,000 Da), number of amino acid residues (582) and concentration (3x10  M) of
BSA solution. The spectrum of 0.1 M PBS was used as blank and subtracted from the average
of three spectra to obtain a corrected spectrum for each sample. Spectra were deconvoluted
using the deconvolution software CDNN2.1. [7] to obtain the secondary structure of BSA.
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5.4 Results and Discussion
5.4.1 Continuous versus Pulsed Ultrasound
The impact of pulsed versus continuous ultrasound was investigated by applying ultrasound to
the samples at 20 ÆC and 20 Wcm  for 15 min total sonication time. Samples were
ultrasonicated either continuously or in pulsed mode with an on/off ratio of 1:1 and 1:4.
Surface tension measurements (Fig 5.1) indicate that the operational mode does not affect the
rate of adsorption. Previously, Henglein (1987) discussed continuous and pulsed sonication for
low intensity ultrasound and did not find a difference between them unless the on/off ratio is as
low as 1:40. He argued that a certain time is required to build up the activation of the effect on
the sonicated system and unless the off time is too long, next pulse takes action before the
activity of the previous pulse fades away [40]. Therefore, pulsed sonication with an on/off
ratio of 1:1 for 30 min (15 min of total sonication) was used in all subsequent studies.
5.4.2 Effect of Ultrasound Treatment Temperature
Effect of Heat Treatment
BSA solutions that are heated at 40, 55 and 70 ÆC exhibited similar adsorption kinetics (Figure
5.2). The BSA solution treated at 85 ÆC however was clearly more surface active with a
surface pressure difference of approximately 22x10  Nm  in 200 s of adsorption as opposed
to 17x10  Nm  of samples treated at 40, 55 and 70 ÆC. The denaturation temperature of
BSA which was reported to be 74 ÆC and 85 ÆC is above denaturation temperature. An
increase in surface pressure of BSA samples treated with ultrasound at these temperatures
from these surface pressure values given above would indicate an additive influence of
ultrasouind and heat on the surface activity increase. Therefore the same temperatures were
used to study the effect of thermosonication on the adsorption kinetics of BSA.
Effect of Thermosonication
Surface pressure data of BSA samples sonicated at 40, 55, 70 and 85ÆC at 20 Wcm  for 15
minutes showed that the treatment at 85 ÆC, which is above the irreversible denaturation
temperature of BSA, gave the highest surface pressure at any time of adsorption. At 40, 55 and
70 ÆC the surface pressure was higher than at 20 ÆC but was not affected by actual temperature
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Figure 5.1: Dynamic surface pressure of native and ultrasound treated BSA solutions (3x10  
M). Ultrasound treatments were conducted in continuous or pulsed (ratio of on:off
– 1:1 and 1:4) mode at 20 Wcm  and 20 ÆC for 15 min.
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differences (Figure 5.3). Mason and coworkers stated that an increase in sonication
temperature influences cavitational bubble collapse by effectively increasing the collapsing
time due to the increase in the vapor pressure of the liquid, thus reducing the sonochemical
effect [60]. Surface pressure data in our study also indicated that ultrasound has an additional
effect on the surface activity of heat treated protein solutions suggesting the efficiency of
thermosonication is due to the synergistic effect of heat and ultrasound.
5.4.3 Secondary Structural Changes as Determined by CD
The CD spectra of globular proteins show a positive peak at 195 nm and two negative peaks at
208 and 222 nm. The negative peaks indicate helicity, therefore highly ordered structure.
Typically the molar ellipticity at 222 nm is used to estimate the alpha helical conformation
[92], [91]. When heated, BSA exhibits a decrease in the alpha-helix content and an increase in
the beta-sheet content [80]. As the temperature is increased above 62ÆC, BSA unfolds into
random coil structures. Random coil formation decreases and the protein assumes a more
compact and ordered  -sheet structure. At temperatures below 65-70ÆC, oligomers are
formed via intermolecular beta structures [8]. Our results confirm that alpha-helicity decreases
and beta-sheet increases when BSA is heat treated as reported by Boye and coworkers [8].
Table 5.1 presents the change in the percentage of secondary structure after sonication at 20
Wcm  and 20 ÆC for 15 min, heat treatment at 70 ÆC for 30 min and thermosonication at 20
Wcm  and 70 ÆC for 15 min. 70 ÆC was chosen as the comparison temperature, since it was
the temperature closest to the irreversible denaturation temperature of BSA (74ÆC [77]).
Ultrasound treatment increased and heat treatment decreased -helix content. However, the
application of ultrasound at elevated temperatures, particularly at temperatures around the
denaturation temperature of BSA, caused a decrease in the helical content, which was lower
than the decrease caused by heat alone (Table 5.1). Figure 5.4 shows the decrease in -helical
content of BSA after heat treatment at 40, 55, 70 and 85ÆC and ultrasound treatment at 20
Wcm  at these temperatures.
 -sheet and  -turn content followed the same pattern and increased from 22.17 to 33.87%
after heat treatment at 85 ÆC, whereas it increased to 29.73% after sonication treatment at the
same temperature. These results suggest that there is an antagonism between the effect of heat
and ultrasound on the secondary structure of BSA. Our results contradict reports by Villamiel
and Jong (2000), who observed a synergism between the denaturing effect of ultrasound and
heat on the secondary structure of -lactalbumin and  -lactoglobulin [88]. However, they used
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Figure 5.2: Dynamic surface pressure of native and heat treated BSA solutions (3x10   M).
Samples were heated to 20, 40, 55, 70 and 85 ÆC for 30 minutes.
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Figure 5.3: Dynamic surface pressure of thermosonicated BSA solutions (3x10   M), i.e., so-
lutions were held for 15 minutes at 20, 40, 55, 70 and 85 ÆC while being sonicated
at 20 Wcm .
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Figure 5.4: Change in -helical content of BSA solutions (3x10   M) as a function of tempera-
ture. Samples were kept at 20, 40, 55, 70 and 85ÆC for 30 min and thermosonication
was carried out at at 20, 40, 55, 70 and 85 ÆC and a power intensity of 20 Wcm 
for 15 minutes.
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Table 5.1: The secondary structural changes in BSA treated with ultrasound (20 Wcm ) and/or
heat at 20, 70 and 85 ÆC for 15 min.
20ÆC 70 ÆC 85 ÆC
native US heat US heat US
-helix 61.10 61.90 56.00 57.73 31.53 40.02
 -sheet and  -turn 22.17 19.50 22.10 26.70 33.87 29.73
unordered 22.93 17.53 19.43 23.10 30.97 27.50
tryptophan fluorescence to assess the secondary structural changes in ultrasound treated milk
proteins. The additive effect of heat and ultrasound was also reported by Vercet and coworkers
[87], [86]. In their study, using ultrasound at high temperatures and moderate pressure, they
found an increased eficiency in inactivation of milk enzymes. However, they did not assess the
functional properties of milk proteins after manothermosonication.
Ultrasound affects protein molecules through the formation of cavities with high temperatures
and high pressures [60], therefore the effect of ultrasound on proteins may be explained by the
effects of heat and pressure treatments on proteins. Heat and pressure was shown to change the
native protein structure to a molten globule state [54], [79], [85], [94]. Proteins undergo subtle
structural changes (from native to molten state) under mild denaturing conditions resulting in
an increase in molecular flexibility as reported by Bu and coworkers (2000). We suggest that
the increase in the efficiency of ultrasound at elevated temperatures may be explained by the
combined effect of heat and ultrasound on the molecular flexibility of protein molecules.
5.5 Conclusions
High-intensity ultrasound treatment increased the rate of adsorption of BSA at the air-liquid
interface. Synergistic effects between heat and ultrasound were found; simultaneous thermal
and ultrasound treatment caused a more pronounced increase in the rate of adsorption than
either heat or ultrasound alone. CD data indicated that thermal treatment decreased the helical
content while application of high-intensity ultrasound alone resulted increased the helical
content of BSA. The combination of heat and ultrasound reduced the loss in the helical content
of BSA caused by the thermal treatment. Results confirm that ultrasound causes an increase in
the content of ordered structure elements in BSA molecules. This study brings important
understanding to the application of thermosonication on proteins. Studying ultrasound
58
modification of proteins under various treatment conditions such as pH, pressure as well as
temperature may help us to understand the mechanism of action of ultrasound better. Results
of this study could be explained in terms of the formation of a protein intermediate with
increased molecular flexibility. Based on this hypothesis we developed, investigating the
susceptibility of other food proteins with different native structures may bring an insight to the
impact of ultrasound on the protein molecules.
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Chapter 6
Susceptibility of Food Proteins to
Ultrasound
6.1 Abstract
The influence of high intensity ultrasound (20 kHz, 20 Wcm  at varying treatment times (15,
30 and 45 min) on the adsorption kinetics of BSA, fatty acid free BSA,  -lactoglobulin and
lysozyme (3.0 x 10   M) was investigated. The change in surface tension of the air-protein
solution with time was measured using a drop shape analysis tensiometer. Circular dichroism
spectroscopy was used to study the structural changes that proteins undergo after ultrasound
treatment. Measured adsorption kinetics showed that ultrasound increased the adsorption rate
of all proteins studied. Lysozyme was found to be the most susceptible protein to ultrasound
followed by BSA, fatty acid free BSA and  -lactoglobulin. CD data showed that ultrasound
caused an increase in the helical content of BSA. The secondary structure of the other proteins
was not affected by ultrasound. The difference in the susceptibility of proteins to
ultrasound-induced changes in their adsorption behavior was attributed to the differences in
their physical and structural characteristics such as amino acid composition, molecular size
and rigidity.
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6.2 Introduction
Proteins adsorb at interfaces due to lower free energy at these interfaces compared to the bulk
phase. Any change in the structural reorientation of the protein at the interface caused by a
processing method would change the positioning of the aminoacid residues on the protein
surface, thus, altering the way protein molecules reorient at the interface [39]. Since proteins
are natively found or are specifically added to food systems for their surface related
functionality, it is important to understand the behavior of native and modified proteins at
interfaces.
High intensity ultrasound is a new technology that can be used to modify surface related
protein functionality [34], [88]. Previously we observed that ultrasound can alter the
adsorption behavior of bovine serum albumin (Chapter 5). We also compared the effects of
ultrasound and heat on the adsorption kinetics and secondary structure of BSA. CD
spectroscopy showed that the effect of ultrasound on protein structure differed from the effect
of heat treatment (Chapter 5). Heat treatment causes proteins to unfold and lose their compact
secondary structure provided by their helical content [39]. Ultrasound on the other hand
caused an increase in the secondary structure which might be explained with a transition from
the native state to an intermediate molten globule state (Chapter 4 and 5). Transition of
proteins from their native state to an intermediate (molten globule) state has been also reported
for high pressure treated proteins [94].
The effect of ultrasound on the secondary and tertiary structure and, thus, on the surface
properties of a protein might be protein specific. Therefore, in this study we compared the
influence of ultrasound treatment on the physicochemical properties of three model food
proteins; BSA,  -lactoglobulin and lysozyme. We also investigated the effect of fatty acids
bound to BSA on its stability against ultrasound-induced changes by using defatted BSA as
another model protein to study.
As most globular proteins, BSA,  -lactoglobulin, and lysozyme possess a native internal
structure as a result of several non-covalent bonds within or between protein molecules or
between protein groups and solvent molecules [51]. The native structures of these proteins are
well-defined and the effect of processing techniques such as drying, isolation and
concentration have been studied extensively [5], [6], [39], [44]. However, the influence of new
non-thermal techniques on protein structure, which is fundamentally different from the effects
caused by heat denaturation, is a relatively recent field of study and ultrasound-induced
changes in protein structure-functionality of proteins still need to be investigated.
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The objective of this study was therefore to investigate the impact of high-intensity ultrasound
on the surface activity of various well documented proteins: BSA, fatty acid free (faf)-BSA,
 -lactoglobulin and lysozyme, and relate the change in their surface activity to their physical
and structural properties.
6.3 Materials and Methods
6.3.1 Materials
Purified bovine serum albumin (BSA) (98 %, Lot: 10K1278), fatty acid free BSA (99 %, Lot:
100K7415, bovine milk  -lactoglobulin (90 %, Lot: 119H7008) and chicken egg white
lysozyme (95 %, Lot: 90K1922) were purchased from Sigma Chemical Company (St.Louis,
MO). Phosphate buffered saline (PBS) was purchased from Bio.Whittaker (East Rutherford,
NJ).
6.3.2 Sample Preparation
All protein solutions were prepared by dissolving lyophilized protein in 20 mM
phosphate-buffered saline solution with a measured pH of 7.4 (MP220, Mettler-Toledo,
Columbus, OH) to a final protein concentration of 3x10   M. Solutions were mixed by
inversion for 2h at 23 ÆC to ensure proper hydration and passed through a filter of 0.22 "m
pore width (Millipore Corporation, Bedford, MA) to remove additional impurities such as
undissolved materials. They were then equilibrated overnight at 4ÆC. All solutions were
prepared with water obtained by means of a filtration device (Milli-Q, Millipore Corporation,
Bedford, MA).
6.3.3 Ultrasound Treatment
Forty ml of 3x10   M of each protein solution was sonicated in 50 ml centrifuge tubes
immersed in a temperature controlled water bath (Lauda RM6, Germany) using a Misonix 550
ultrasonic homogenizer (Misonix, Farmingdale, NY) with a inch sapphire coated stainless
steel probe at a power level of 20 Wcm  for treatment times of 15, 30 and 45 min.
Temperature during treatment was kept constant at 20ÆC. The power output of the sonicator
was measured calorimetrically as described by Mason and coworkers [60].
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6.3.4 Surface Tension Measurement
Density Measurements
Precise density data of solutions are required to ensure accurate determination of surface
tension using drop shape analysis. The density of all solutions were measured at using a digital
density meter (DMA 35N, Anton Paar Physica, Graz, Austria).
Drop Shape Analysis Tensiometry
A drop shape analysis tensiometer (Model DSA-G10, MK2, Kruss USA, Charlotte, NC) was
used to determine surface tension. The tensiometer determines the shape of pendant drops or
bubbles through numerical analysis of the entire drop shape. The relationship between the
drop shape and the interfacial tension has been derived from the Young-Laplace equation of
capillarity and a detailed description can be found elsewhere [29].
Measurements of Surface Tension
Surface tension measurements were carried out at a controlled temperature (20  5ÆC).
Duplicate tests were performed for each measurement. An air bubble was formed at the
inverted tip of a syringe that was submerged in a cuvette containing the protein solution. The
syringe/cuvette system was positioned on an optical bench between the light source and a
high-speed charge coupled device (CCD) camera. The CCD camera was connected to a video
frame-grabber board to record the image onto the hard drive of a computer at a speed of 1
frame per second. The image was analyzed using contour analysis of the drop profile and the
interfacial tension was calculated by fitting the drop shape to the Gauss-Laplace model.
6.3.5 Surface Pressure
The surface pressure  (Nm-1) of a protein solution is defined as the reduction of the surface
tension of a pure solvent caused by the addition of protein. In this study, we defined the surface
pressure as   

 

where 

is the surface tension of the aqueous buffer solution
(72.2x10  Nm  at 23ÆC with a pH of 7.4) and 

is the surface tension of the protein
dissolved in the water system.
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6.3.6 Measurement of the Secondary Structure
Circular dichroism spectra of the proteins were collected at 23ÆC using an Aviv 202 CD
spectrophotometer (Aviv Instruments, Lakewood, NJ). The bandwidth was 1nm and the
averaging time was 3 seconds. The spectrum of 0.1 M PBS was recorded as blank. For each
measurement, the average of three replicates was taken and corrected by subtracting the blank
spectrum. The corrected spectra were deconvoluted using the deconvolution software
CDNN2.1. [7] and represented as mean residue ellipticity based on the average molecular
weight, number of amino acid residues and concentration of the protein solutions as obtained
from several sources [51], [80], [81].
6.4 Results and Discussion
6.4.1 Adsorption Kinetics of Model Proteins
BSA and fatty acid free BSA (faf-BSA)- Figure 6.1 shows the dynamic surface pressure of
native and ultrasound treated BSA. The surface pressure of the protein solution increased as
sonication time increased. To determine the effect of fatty acids bound to BSA on its stability,
the adsorption kinetics of faf-BSA and BSA was compared. In its native form faf-BSA
exhibits a higher surface activity than regular BSA (Figure 6.2). Ultrasound caused a larger
increase in surface pressure compared to defatted BSA, suggesting that fatty acid free BSA is
more surface active, but less susceptible to ultrasound than BSA. Ahmad and Qasim (1995)
investigated urea-induced denaturation of defatted and fatted BSA and suggested that binding
of fatty acids prevents formation of denaturation intermediates in BSA [3]. Khan and
coworkers (1987) also proposed that the intermediate state in the denaturation of commercially
available BSA is observed because of the lower stability and early denaturation of one of
BSA’s three domains, where fatty acids are bound [48].
 -lactoglobulin-  -lactoglobulin showed a smaller increase in surface pressure after sonication
compared to other proteins studied. Moreover, ultrasound treatment time did not cause an
increase in the effect of ultrasound on  -lactoglobulin (Figure 6.3).  -lactoglobulin exists in a
dimeric form over the pH range of 5 to 7.5. It also majorly is a beta structured protein, which
explains its stability [80]. Possibly this explains why  -lactoglobulin is less sensitive to
ultrasound-induced changes.
Lysozyme- Both native and sonicated lysozyme solutions had an induction period of about 200
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Figure 6.1: Dynamic surface pressure of 3x10   M BSA sonicated at 20 Wcm  and 20 ÆC for
0-45 min.
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Figure 6.2: Comparison of dynamic surface pressure of native and sonicated BSA and fatty acid
free (faf)-BSA. Ultrasound treatment was conducted at 20 Wcm  and 20 ÆC for 45
min.
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Figure 6.3: Dynamic surface pressure of 3x10  M  -lactoglobulin sonicated at 20 Wcm  and
20 ÆC for 0-45 min.
67
s (Figure 6.4). Induction is the time required for the monolayer surface concentration to attain
a certain minimum coverage value such that the surface tension of the system decreases from
the surface tension value of the solvent [18]. Induction times are not always observed
especially for highly concentrated or rapidly adsorbing surfactant/protein solutions [84]. BSA,
faf-BSA and  -lactoglobulin did not exhibit a measurable induction time at the concentration
studied. Lysozyme is a rigid protein, which cannot undergo extensive conformational changes
at the interface [17]. It is a highly ordered rigid protein with low molecular weight and no
disulphide bonds or free thiol groups. This rigid structure of lysozyme balanced with nearly
equal percentage of -helix and  -sheet content and lack of strong covalent bonds might be
the reason behind the high susceptibility to ultrasound induced destabilization and, thus, an
increase in surface activity of lysozyme.
Figure 6.5 shows the difference in surface pressure of all four proteins before and after
sonication for 45 min. Lysozyme exhibits a very high surface tension change in solution after
sonication (Figure 6.6), while  -lactoglobulin and fatty acid free BSA show subtle changes.
BSA shows a higher increase in surface pressure at earlier times of adsorption (in about 50s),
while  -lactoglobulin and fatty acid free BSA have nearly constant change in surface pressure
throughout the adsorption period.
6.4.2 Structural Changes Determined by CD
The molten globule state monitored by CD ellipticities of ultrasound treated protein solutions
are characterized by the presence of native-like secondary structure, i.e., -helix and  -sheet
content [42], [54]. Determining the changes in the far-UV CD spectra provides direct
information about the secondary structure of the ultrasound treated proteins. Therefore, CD
spectra of proteins sonicated at 20 Wcm  for 15, 30 and 45 min were obtained. The spectra
for BSA are shown in Figure 6.7. The deconvoluted spectra in the far-UV region (190-260 nm)
using the CD deconvolution program CDNN2.1 [7] indicated hat -helical content of BSA
increased from 61.10 to 74.50 and  -structure decreased from 18.60 to 14.20. Sonication of
faf-BSA,  -lactoglobulinulin, and lysozyme did not cause a change in the secondary structure.
6.4.3 Thoughts on the Difference in Susceptibility
The proteins studied differ in their physical properties such as molecular weight, number of
disulphide bonds, free sulfhydrile groups and aminoacid composition (Table 6.1[52], [53],
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Figure 6.4: Dynamic surface pressure of 3x10  M lysozyme sonicated at 20 Wcm  and 20
ÆC for 0-45 min.
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Figure 6.5: Comparison of change of surface pressure for four different proteins (3x10   M)
upon sonication 20 Wcm  and 20 ÆC for 45 min. Data were obtained by subtract-
ing surface pressure values of ultrasound treated solutions from the surface pressure
values of the corresponding native protein solution over an adsorption period of 450
s.
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Figure 6.6: Change in surface pressure for lysozyme after sonication treatment 20 Wcm  and
20 ÆC for 45 min.
71
Figure 6.7: Circular dichroism spectra for native and sonicated BSA solutions (3x10  M) at
190 - 260 nm and 25 ÆC. Sonication treatment was conducted at 20 Wcm  and 20
ÆC for 15, 30 and 45 min. Bandwith of the spectra was 1 nm, an averaging time of
3 seconds and a path length of the sample cell of 1 mm were used.
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[73], [77]).
Table 6.1: Some physical and structural properties of model proteins ([52], [53], [73], [77]).
Protein SecondaryStructure
Average
Hydrophobicity
MW
[kDa]
-S–S-
Bonds
Free S–H
Groups


[ÆC]
BSA -helix 1230 66.0 17 1 75
Faf-BSA -helix not available 66.0 17 1 64
 -Lactoglobulin  -sheet 1120 18.4 4 1 74
Lysozyme  and   970 14.4 2 - 70
The diffusion controlled adsorption model assumes that every collision of the protein molecule
with the interface leads to adsorption. However, the success of every collision leading to
adsorption and retention of the molecule at the interface should be related to the
hydrophobicity/hydrophilicity of the protein surface. Proteins that are flexible and
hydrophobic will have a high probability of adsorption at the interface whereas proteins that
are highly rigid (such as lysozyme) would have low probability of adsorption upon collision
and also might easily desorb from the interface [20]. Increased rate of the adsorption of
proteins at the air-water interface after sonication suggests that ultrasound might be exposing
hydrophobic groups to the exterior of the molecule decreasing the surface hydrophobicity.
Kinsella reported average hydrophobicity values (total hydrophobicity/number of amino acid
residues) for lysozyme, BSA and  -lactoglobulin is reported as 970, 1120 and 1230,
respectively (Table 6.1)[52]. Lysozyme, the least hydrophobic protein used in this study,
became the fastest adsorbing molecule after sonication and  -lactoglobulin, the most
hydrophobic protein used in this study did not show a dramatic increase in the adsorption
kinetics. These results suggest that hydrophobicity of proteins was increased due to sonication
treatment and the increase depended on the initial rigidity and hydrophobicity of proteins.
Surface activity of globular proteins is strongly affected by the distributions of the polar or
charged groups on the outer surface of the globular assemblies. Adsorption at the air-water
interface is driven by the tendency for the hydrophobic regions on the outer surface to
minimize their exposure to the aqueous environment. When adsorbed at the interface the
hydrophobic portion is exposed to air while the hydrophilic portion is submerged in the
aqueous subphase. The adsorbed layer is determined by the orientation and packing of protein
molecules in the interface which is associated with electrostatic, hydrophobic and entropic
interactions [57]. The differences in the amino acid sequences between proteins result in the
distribution of polar or charged groups on the surfaces of the proteins, which leads to a
difference in their surface excesses [57]. Proteins that contain a greater portion of hydrophobic
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aminoacid residues especially Val, Ile, Leu and Phe tend to be more stable than the more
hydrophobic proteins [17]. Stability also depends on the distribution of these aminoacids.
However, other factors such as disulphide bonds and the presence of salt bridges buried in
hydrophobic clefts may also contribute to the stability [17].
6.5 Conclusions
The effect of ultrasound on the surface activity and structure of proteins was protein specific.
Ultrasound increased the rate of adsorption for all proteins, BSA, fatty acid free BSA,
 -lactoglobulin and lysozyme. Lysozyme, which is a compact rigid protein, was the most
sensitive protein to ultrasound followed by BSA, fatty acid free BSA and  -lactoglobulin.
Fatty acid free BSA showed a smaller change in its surface activity after sonication which is
explained by the lack of fatty acids stabilizing the native protein structure.  -lactoglobulin,
which is natively found in a stable dimer form, was the least susceptible protein to ultrasound
in this study. The results of this study supports the idea that ultrasound may be inducing an
increase in molecular flexibility of proteins resulting in higher surface activity. The differences
in the molecular flexibility of proteins in their native form affects the susceptibility of the
protein to ultrasound. Susceptibility of proteins to ultrasound induced changes probably are
determined by the complex combination of their physical and conformational differences, i.e.
amino acid composition, molecular shape and size, number of disulphide bonds, etc.
Therefore, we suggest that further studies should be conducted on the effects of ultrasound on
a single protein with slight controlled modifications rather than comparing proteins completely
different in nature.
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Chapter 7
Conclusions
Surface activity of food proteins is of significant importance to food manufacturing. Food
proteins accumulate at both air-water or oil-water interfaces to form interfacial layers that are
able to stabilize foams or emulsions. Therefore, it is important for the food industry to develop
new methods that modify the interfacial properties of proteins to improve the quality and
stability of the final product. This study shows that the application of high-intensity ultrasound
to protein solutions enhances the surface activity of the proteins which might be due to the
formation of a stable structural intermediate. Diffusion coefficients calculated form dynamic
surface tension data indicated an increased mobility of BSA molecules with increasing
treatment time. A 15% increase surface hydrophobicity was found after sonication treatment
for 45 min.
Heat and ultrasound treatment show additional effects on the increase in surface activity of
BSA, whereas their influence on the secondary structure opposed each other. Circular
dichroism spectra showed that ultrasound increases the helical content while heat decreases the
helical content of BSA. This result suggests that the mechanisms of ultrasound-induced
modification of protein adsorption is different than of thermal denaturation.
The effect of ultrasound on the surface activity and structure of proteins was found to be
protein specific. Among proteins studied (BSA, fatty acid free BSA,  -lactoglobulin and
lysozyme) lysozyme was found to be the most sensitive to ultrasound-induced surface activity
increase, while  -lactoglobulin was the least sensitive protein. Fatty acid free BSA, which is
more surface active in its native form that BSA, was found to be less sensitive to ultrasoud than
BSA. The changes in surface activity was not found to be directly related to the changes in
75
secondary structure.
The effect of ultrasound on the interfacial properties protein might be due to the increased
flexibility of protein molecules on small length scales. Dimerization of protein molecules with
the newly exposed hydrophobic groups including free thiol groups, that are natively buried in
the molecule, is another possible explanation. To establish a profound understanding of the
effects of ultrasound on protein molecules, it is necessary to conduct further research on
ultrasound-treated proteins using biochemical essays, i.e. dimerization, aggregation and
reactivity of free thiol groups.
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